Abstract: Photonic metasurfaces, that is, two-dimensional arrangements of designed plasmonic or dielectric resonant scatterers, have been established as a successful concept for controlling light fields at the nanoscale. While the majority of research so far has concentrated on passive metasurfaces, the direct integration of nanoscale emitters into the metasurface architecture offers unique opportunities ranging from fundamental investigations of complex light-matter interactions to the creation of flat sources of tailored light fields. While the integration of emitters in metasurfaces as well as many fundamental effects occurring in such structures were initially studied in the realm of nanoplasmonics, the field has recently gained significant momentum following the development of Mie-resonant dielectric metasurfaces. Because of their low absorption losses, additional possibilities for emitter integration, and compatibility with semiconductor-based light-emitting devices, all-dielectric systems are promising for highly efficient metasurface light sources. Furthermore, a flurry of new emission phenomena are expected based on their multipolar resonant response. This review reports on the state of the art of light-emitting metasurfaces, covering both plasmonic and all-dielectric systems.
Introduction
Optical metasurfaces are often described as the twodimensional versions of bulk metamaterials [1] . They typically consist of a single or a few layers of designed nanoscale building blocks, called meta-atoms, arranged in a plane ( Figure 1 ). Metasurfaces have been widely recognized for their capability to realize flat and lightweight optical components, including efficient blazed gratings [2] , lenses [3] [4] [5] [6] , beam shapers [7] [8] [9] [10] , holographic phase masks [11] [12] [13] [14] , and polarizing elements [12, 15, 16] , to name just a few. Their potential to control not only the propagation -as in wavefront shaping applications -but also the emission of light at the nanoscale is far less established. Light-emitting metasurfaces can be created by directly integrating emitters such as quantum dots (QDs), dye molecules, or directbandgap semiconductors into the metasurface architecture. The key idea is that the meta-atoms can be designed not only to scatter light impinging from the far-field but also to act as nanoantennas that efficiently couple the emission from the integrated nanoscale sources to the far-field, while imprinting the desired properties onto the emitted light field. To optimize the coupling between the nanoantennas and the emitters, the latter should be localized in optical near-fields of the nanoantennas. As such, lightemitting metasurfaces can be regarded as two-dimensional arrangements of designed nanoantennas driven by localized sources. Thereby, light-emitting metasurfaces inherit most of the functionalities provided by optical nanoantennas, such as emission enhancement via the Purcell effect [17] and excitation enhancement, as well as spectral and directional shaping of the emitted light [18, 19] . Moreover, the two-dimensional arrangement offers many additional degrees of freedom, for example, in the precise arrangement (e.g. the lattice constant in the typical case of regular arrays) and variations in the nanoantenna geometry as a function of in-plane position. In-plane coupling between the individual meta-atoms furthermore leads to a more complex mode structure of the metasurface as compared to the individual building blocks. Most prominently, surface lattice resonances [20] [21] [22] [23] [24] [25] [26] , delocalized Fano-resonances [27] , and embedded eigenstates [28, 29] can be supported by suitably designed metasurface structures. These collective modes are particularly interesting for light-emission applications, as they can exhibit high quality factors. Lightemitting metasurfaces are thus a versatile platform to study light-matter interactions in systems of high spatial complexity while preserving full optical access due to their planar nature. However, they also offer important opportunities for applications as flat sources of complex light fields. Conventional areal light sources or displays work with incoherent light. In light-emitting metasurfaces, in contrast, the interaction of the meta-atoms in the plane establishes a degree of spatial coherence even if the individual emitters are incoherent, as it is the case for thermal radiation [30] or spontaneous emission [31] . This allows for light emission with defined pattern and directionality, with further potential for the emission of spatially complex light fields. Together with their planar nature and the possibility to realize structures with macroscopic lateral dimensions, this makes lightemitting metasurfaces interesting candidates for advanced display applications and areal light sources. Additionally, their near-field properties may open new avenues for sensing applications or smart substrates.
In this article, we review the current state of the art of light-emitting metasurfaces. Throughout the article, we concentrate on emission originating from electronic transitions, in most cases spontaneous emission processes. Note that, thus, metasurfaces emitting nonlinear generated light are not covered by this article and have been recently reviewed elsewhere [32, 33] . Also, light-emitting metasurfaces based on electron-induced radiation [34] or thermal radiation [35] are not in the focus of this review. However, many of the fundamental principles discussed here for spontaneous and stimulated emission also apply to light-emitting metasurfaces based on these alternative light-emission processes, as will be discussed in some more detail in the concluding section. The rest of this review is structured as follows. In Section 2 we start by introducing the fundamental physical concepts governing the properties of light-emitting metasurfaces. Next, Sections 3 and 4, respectively, focus on the methods to simulate and measure the performance of light-emitting metasurfaces. In Section 5 we review the research work performed on light-emitting metasurfaces so far, covering the literature first on plasmonic and then on all-dielectric implementations. Finally, in Section 6, we outline possible future research directions and potential applications of light-emitting metasurfaces.
However, before proceeding along these lines, we wish to provide a working definition of metasurfaces, contrasting to, for instance, two-dimensional photonic crystal slabs, or gratings. Based on our earlier definition of a metasurface as a two-dimensional (usually subwavelength) arrangement of designed nanoscale building blocks, metasurfaces can be any arrangement in between, on the one hand, spatially highly inhomogeneous, with generally non-identical building blocks placed on a generally aperiodic lattice, and, on the other, essentially periodic with identical building blocks placed in a periodic lattice. While the former are required for wavefront shaping, research on light-emitting metasurfaces still almost exclusively uses periodic arrangements of identical meta-atoms, due to their lower complexity. Clearly, our definition includes two-dimensional photonic crystal slab geometries, which are periodic arrangements of the refractive index. However, it also goes beyond it, as it allows for inhomogeneous arrangements, i.e. spatially variant or disordered designs. In our view, the main distinguishing feature of light-emitting metasurfaces as opposed to gratings and photonic crystals is that metasurfaces dominantly inherit properties from their individual building blocks or "meta-atoms" and their resonant properties. Finally, for metasurfaces for wavefront shaping, it is often imposed that the metasurfaces operate in a non-diffractive regime. However, the requirement of non-diffractive operation is not practical for all-dielectric metasurfaces, and fundamentally does not easily apply to emission phenomena. For dielectric metasurfaces with Mie-resonant building blocks, the non-diffractive regime can usually only be reached for near-normal incidence, since the minimal size of the nanoresonators is limited by the maximum refractive indices of their constituent materials [36] . More fundamentally, when dealing with emission, the driving is not by one well-defined finite wave vector as in scattering: the emission in itself naturally contains highwave vector evanescent components which upon interaction with a metasurface will diffract into the far-field. Thus diffractive effects will always be present and contribute to the emission properties. 
Concept of light-emitting metasurfaces
The purpose of this section is to provide a didactic primer in the main physical mechanisms underlying the response of light-emitting metasurfaces, primarily using illustrations from the most mature branch of this family, namely plasmonic antenna array systems. The common denominator for all light-emitting metasurfaces is that their response derives from a combination of two ingredients. The first is the subwavelength yet resonantly scattering nano-objects with a polarizability that is tailored in amplitude, phase, and multipole content. The second ingredient is the placement of many such objects in a regular, i.e. correlated, fashion in order to engineer coherent multiple scattering. The first and most basic ingredient of metasurface functionality is the optical polarizability α bare of individual scatterers, i.e. the linear response function quantifying locally induced dipole and multipole moments in response to incident electric and magnetic fields. For didactic purposes, we focus here on the most accessible level, i.e. the dipole approximation. This approximation assumes α bare to take the form of bare , α a 6 × 6 dyadic tensor of rank 2. This tensor explicitly relates the induced vectors of electric and magnetic dipole moments to the vectors of electric and magnetic components of an incoming optical field via , who examined the electrostatic polarizability of perfectly conductive, deep subwavelength wire loops, helices, and so forth [37] . It was expanded to electrodynamic scattering in [38] and is a formulation that provides an enormous variety of means for tailoring the optical response of an assembly. Plasmonics has mainly focused on engineering the electric part of the polarizability, using the scatterer size, shape, and material composition to designing the spectral dependence of the local resonances (Mie and local surface plasmon (LSP) resonances), the strength (magnitude of bare α ), and anisotropy. Adding the magnetic polarizability then gives access to many phenomena of current interest in nano-optics that hinge on magnetic and coupled magnetic-electric responses ( Figure 2A ). For instance, Huygens/Kerker and Janus dipoles are scatterers with directional far-field scattering properties due to balanced electric-magnetic responses [13, [39] [40] [41] [42] . Finally, the off-diagonal terms can encode chirality through engineered phase relations between electric and magnetic responses [43, 44] , and nonreciprocal effects. Some metasurface implementations go further beyond this approximation and include electric multipoles in individual building blocks [45, 46] ; then, a simple mathematical treatment of systems with multiple scatterers (such as the one presented below) often becomes quite intractable. Retrieving what the polarizability of a particular nano-object is, especially in the general case, is actually a challenging and partially still open problem [47] [48] [49] .
While bare α can vary for different scatters within the arrangement, as is typically the case for inhomogeneous metasurfaces employed for wavefront shaping, in the following we concentrate on the more tractable case of arrays composed of identical scatterers, corresponding to homogeneous metasurfaces.
Once a set of scatterers with properties encoded in bare α are placed in close proximity -subwavelength distances in the case of metasurfaces -each of them responds not only to any incoming optical field but also to all optical fields generated by all other scatterers in the arrangement. This leads to a self-consistent scattering problem of the form (P and F shorthand for electric and magnetic moments and fields, respectively) 
where G defines the dipole-dipole interactions of each scatterer i with all other scatterers j, and is formally known as the Green function. This form essentially defines an effective polarizability α eff [20, [50] [51] [52] [53] [54] for the whole arrangement of particles through (tensor notation suppressed, scatterers supposed identical)
Here, the dipole-dipole interactions between all particles are encoded in the term , G which contains only the spatial arrangement and not the bare particle response. One way to view this result is as a multiple scattering series 
where each higher power in α bare denotes a higher scattering order. Equation (3) really brings out that the essence of metasurfaces is how building block resonances (in polarizability) mix with structural resonances encoded in the arrangement . G. For a simply periodic system discussed below, this is equivalent to the mixing of particle resonances and diffraction conditions, giving rise to the so-called surface lattice resonances.
Huygens principle, structure, and form factors
The zero-order approach to understanding the far-field optical response of active metasurfaces, such as the radiation pattern of embedded spontaneous emission sources or the diffraction pattern upon illumination, is to simply ignore multiple scattering interactions altogether, keeping only the very first term of Eq. (3). This is, in essence, the well-known first Born approximation for scattering, which, for instance, underlies the textbook understanding of X-ray diffractometry. An alternative viewpoint is that it equates to Huygens principle, taking the dipole moments impressed by the driving field on each scatterer as (secondary) sources of scattering, leading to, for instance, directional scattering ( Figure 2B ) according to the principles of phased-array antenna science [55] . An effective language for this limit of noninteracting scatterers is to separate the response in momentum space into so-called "structure factors" (X-ray term; in antenna theory it is called the "array factor") that describe the spatial arrangement of scatterers, and "form factors" that encode for the properties of each individual scatterer [56] . In a scalar picture, if one supposes that a set of scatterers located at positions r j and polarizability α bare is driven by a drive field E drive (r), the far-field reads bare drive scatterers ( ) ( )e .
This result is simply obtained by adding the spherical waves emitted by each scatterer, i.e. by the Huygens principle. Here, M(k) is the far-field as a function of viewing direction (wave vector k) of each single element, i.e. the form factor. If all the elements are driven with the same amplitude and phase (constant E drive ), the second term is simply proportional to the Fourier transform (denoted F ) of the particle arrangement
which is the structure factor. By way of example, a planar arrangement of noninteracting particles illuminated under normal incidence presents a diffraction pattern that is simply the product of the single-element radiation pattern and the Fourier transform of the particle arrangement. For a grating (structure factor of a lattice is its reciprocal lattice), this immediately predicts the grating orders as the diffraction pattern, where the diffraction efficiency traces the single-element response. This result is easy to generalize to any driving field, since
In other words, the radiation pattern now is expected to be the convolution of the structure factor and the momentum distribution of the source.
Disentangling structure and form factors is straightforward if the scatterers are arranged in a two-dimensional primitive lattice, i.e. a lattice that has just one scatterer per unit cell. In complex lattices (honeycomb, Kagome, Lieb, etc.), where each unit cell contains two or more scatterers, one can either assign the form factor to the radiation pattern of each individual scatterer and derive the structure factor based on the spatial locations of all scatterers, as it is expressed in Eq. (4), or, alternatively, combine the form factors of all unit cell constituents into a resultant form factor, and then attribute the structure factor purely to the reciprocal lattice. Since the first approach applies only when all scatterers in the unit cell have identical form factors, the second approach is more general. It is presented in Figure 3 , where the resultant form factor ( Figure 3F ) of all unit cell scatterers ( Figure 3A ) is separated from the structure factor assigned to the reciprocal lattice ( Figure 3G ) of the primitive real-space lattice ( Figure 3B) .
The above methodology directly applies to homogeneous light-emitting metasurfaces, i.e. the case of a fluorophore driving a periodic lattice of scatterers. In many literature cases, excellent control over directivity has been obtained [57, 58] if such a system is embedded in a waveguide, meaning the fluorophore essentially acts as a point source that emits a cylindrical wave ( Figure 3C , D), which is roughly of the form drive ik r i t WG E e r ω − = / with r being in-plane distance from the source, and k WG = ω/cn WG the wavenumber set by the waveguide dispersion. The momentum-content spectrum of this driving is essentially a circle of radius k WG ( Figure 3H, I ) set by the optical frequency ω and mode index n WG . Consequently, one expects a radiation pattern that is the convolution of a circle with the structure transform, i.e. a repeating set of circles, each centered on a reciprocal lattice site [59] . The physical interpretation is that the fluorophore emits preferentially into the underlying waveguide mode, and directivity arises from diffractive outcoupling, where the particle arrangement determines the outcoupling angles, and the polarizablity, or form factor, of the scatterers imposes the efficiency and polarization behavior. Figure 4A , B presents a sketch of this geometrical construction alongside actual fluorescence measurements of the radiation pattern of fluorophores in a plasmon antenna array taken using back-focal-plane imaging ( Figure 4D) . A simple angular map of the fluorescence immediately shows the appearance of repeated circles, each centered at reciprocal lattice points. A wavelength-resolved slice through the k-space ( Figure 4C ) directly evidences the dispersion with frequency, essentially providing a band structure diagram ( Figure 4E ).
Within the limit of noninteracting particles, one can quickly build intuition for nontrivial meta-structures. For instance, if one would swap the unit cell blocks in a lightemitting surface from symmetric scatterers (e.g. plasmon nanorods) to asymmetrically scattering ones, far-field fluorescence would immediately inherit the asymmetry as one swaps out the form factor. This has been observed in the literature, for instance, with split rings [46, 61] (magnetoelectric dipoles, polarization asymmetry) and multielement Yagi-Uda antennas [62, 63] . It should be noted that all of the above examples are based on uniform arrays, i.e. arrays composed of identical and periodically repeating unit cells, while the radiation pattern engineering is accomplished at the level of a repeated nanostructure. Such design underlies the majority of experimental demonstrations of light-emitting metasurfaces, in contrast to the original concept of wavefront shaping using nonuniform arrays illustrated in Figure 2B , which is widely discussed in theoretical works but remains strongly underrepresented in experiments, and hence should be considered more as a perspective for future research (Section 6.1.1).
As another example, truncating a metasurface to a finite patch is mathematically equivalent to multiplying the geometry with a finite windowing function ( Figure 3E ), meaning, according to the convolution theorem, that any radiation pattern would simply be convoluted with the windowing Fourier transform. In plasmonics, this has been observed as a progressive blurring of radiation patterns ( Figure 3J ) with reduction in patch size for metal hole array antennas [64] . Furthermore, shifting the source driving the active system relative to the scatterers simply gives a phase shift over the radiation pattern, according to the Fourier shift theorem. Finally, this approach also extends to designing the radiation pattern of sources based on quasiperiodic and aperiodic systems [65] , simply by designing the structure factor. For example, hyperuniform arrangements [66] and Vogel spirals [67] are not periodic but spatially correlated, such that their structure factor presents distinct circular bands in the k-space. These can be used for broadband directional outcoupling of light from emissive metasurfaces, as shown for plasmonic realizations [68] [69] [70] .
Beyond nearly free photons
A powerful insight from the structure factor/form factor analysis is that the response of a lattice of scatterers driven by a point source essentially involves the convolution of the reciprocal lattice with the dispersion relation of the background system. This construction is equivalent to constructing a repeated zone scheme dispersion relation in solid-state physics from the "free-particle" dispersion relation (simply cones ω = c | k | for light in free space, where c is the speed of light). The repeating cones ( Figure 4A ) are equivalent to a discrete band structure across momentum space ( Figure 4B and C). Depending on the actual strength of the periodic scattering potential, stop gaps will open up in this repeated zone scheme dispersion, wherever bands cross [71, 72] . These openings are not contained in the first Born approximation, and hence need the full multiple scattering series in Eq. (3). In the optical case, the equivalent formulation for the mixing of lattice effects and the strength of the scattering potential is that collective resonances arise as a result of the mixing of diffraction conditions and polarizability [20] . These hybrids are known as "surface lattice resonances" [21, 23] for lattices in homogeneous backgrounds, and as "waveguide plasmon polaritons" [73] if a waveguide mode is involved. Similar collective modes are formed in nanohole arrays, where the nanoholes play the role of scatterers for surface plasmon polaritons (SPPs) of the metal-dielectric interface [72, 74] . All these collective resonances form the workhorse of efforts in the use of (plasmonic) metasurfaces for spontaneous emission directivity control [58, 64, [75] [76] [77] and strong coupling with excitonic materials [78] . The underlying reason is that the lattice resonances can be far sharper than the individual scatterer response, as first realized by Zou et al. [50] .
To understand the appearance of lattice resonances, we examine the effective polarizability per particle in a 2D lattice that is driven by a plane wave of parallel momentum || k
where
is the sum over all dipole-dipole interactions. Such a dipole sum can be calculated using Ewald summations [20, [50] [51] [52] [53] [54] . Importantly, the dipole sum of a lattice is characterized by very sharp resonances, the so-called Rayleigh anomalies, right at the locus of (A) Real and imaginary part of G corresponding to diffraction conditions in a square lattice of out-of-plane dipoles. (B) Real and imaginary parts of α bare , representing local resonance of a scatterer, which depends only on the frequency. (C) Effective polarizability α eff of each scatterer in the lattice in the "metamaterial regime", i.e. when the lattice pitch is smaller than the resonant wavelength. In this case, the local particle resonance forms a photonic Bloch band (lattice resonance), which anti-crosses with the light cone edges and extends beyond them to become a guided mode. (D) When the resonant wavelength is shorter than the lattice pitch, the Bloch band is entirely captured by the light cone and intersects with the folded neighboring cones, giving rise to first-order diffraction. This setting is commonly used to couple light into surface plasmon polaritons (SPPs) via diffraction gratings. (E) When the lattice pitch significantly exceeds the resonant wavelength, the lattice scatters light into many diffraction orders, which can be used to control the direction of light by metasurface-based optical elements.
frequency-wavevector combinations that describe the repeated free-photon dispersion relation ( Figure 5A ). In contrast, the bare polarizability α bare of building blocks in the unit cell of a metasurface usually has a strongly resonant frequency dependence ( Figure 5B ) but no strong dependence on angle/parallel momentum || k by virtue of being deep-subwavelength in size.
The full effective polarizability contains the hybridization between particle resonances and lattice geometry. An effective visualization of this physics is to plot the imaginary part of α eff (or the sum of its eigenvalues in case of a full tensor) [53] , such as in Figure 5C -E. The imaginary part of polarizability directly relates to extinction, the sum of particle Ohmic loss, and the scattering loss of the array due to radiation in the various diffraction orders. The example is for a square lattice where the particle scattering resonances were tuned below any diffraction condition ( Figure  5C ), as well as above the first-and second-order Bragg condition ( Figure 5D and E, respectively), corresponding to different regimes set by the pitch-to-wavelength ratio. Evidently, Fano features appear in the effective polarizability where the narrow grating anomalies in the lattice sum and the broad resonant polarizability mix. These Fano features also appear in derived observables such as lattice extinction [52] and fluorescence from embedded sources. These Fano features can lead to the appearance of strong coupling signatures, i.e. avoided crossings relative to the free-photon dispersion that appear in observables [79] . If the hybridization involves multiple localized resonances, e.g. electric and magnetic dipole resonances [53] , or resonances corresponding to different Cartesian components or different unit cell constituents (in case of complex lattices) [54] , the emerging lattice resonances may anti-cross with one another [53] , as well as, in some geometries, form interesting degeneracies akin to those known in solid-state physics [80] . It should be noted that the true metasurface regime usually corresponds to small pitch relative to operation wavelength (no Bragg diffraction) yet tuned near building block resonance. This corresponds to Figure 5C (frequency below 1.5 eV in the example). Experiments that use resonant scattering lattices for directional emission generally use the regime in between Figure 5D and E, where the pitch is approximately equal to the free-space wavelength.
Local density of states and Purcell enhancement
The analysis of lattices of resonant scatterers in terms of the Huygens principle, or even with multiple scattering included to describe surface lattice resonances, is effective for scattering, diffraction, and even predictions for fluorescence directivity of embedded light sources. However, it does not describe modifications of the quantum processes responsible for the generation of photons by fluorophores. One can distinguish two regimes of such emitter-scatterer coupling. By definition, a system is strongly coupled when the exchange of energy between scatterers and emitters occurs much faster than the spontaneous decay of emitter's excited state [81] . This may give rise to hybridization (anti-crossing) of metasurface resonances and emitter's electronic transitions. This regime is an emerging field of research in studies using plasmon antenna lattices and dense excitonic materials [78] , discussed in Section 6.1.5. Most of the light-emitting metasurfaces operate in the weak coupling regime. In this case, excited fluorophores decay irreversibly by photon emission at an accelerated spontaneous decay rate Г given by Fermi's Golden Rule: Г∝| μ | 2 ρ(μ, ω, r). Here, the first term is the electronic transition dipole moment | | g e = 〈 〉 μ μ between the ground state |g⟩ and the excited state |e⟩, which defines the electric dipole interaction Hamiltonian ˆ= − ⋅E H μ between the quantum emitter and the optical field. The second term, ρ(μ, ω, r), which is referred to as the local density of optical states (LDOS), quantifies the contribution of the photonic environment to the spontaneous decay rate [81] . In other words, the emitter can convert its excited state energy to a photon faster when more states are available to radiate into [82] . LDOS depends on the transition dipole moment orientation μ, frequency ω, and position r, and can be obtained by purely classical calculations. The dimensionless LDOS (normalized to the LDOS of free space) is often called the Purcell factor (after Edward Mills Purcell who was the first to notice this effect in 1946 for high-Q resonators [17] ).
In the context of metasurfaces ( Figure 6A ), two distinct limits of LDOS control are pertinent. The first follows from the seminal experiment of Drexhage in the late 1960s [83] , in which the LDOS was modified by changing the distance between the quantum emitter and a flat metallic mirror ( Figure 6B ). Similar experiments were repeated for dielectric interfaces, waveguides, and thin metallic films, showing the Purcell effect associated with coupling to SPPs [85] . The magnitude of the LDOS effect in such cases of flat interfaces is directly contained in the interface reflection coefficient. Indeed, classically, the LDOS modulation can also be viewed as back action due to work that the emitting dipole source needs to do against its own reflected field. This amount of work hence depends on the strength of the reflection as well as the phase of the reflection. It was shown in [53] that this picture remains accurate for sources coupled to structured metasurfaces as long as the source-surface distance exceeds ~λ/2π, so that the source does not couple to a metasurface's microstructure. In this regime, interesting experiments have been proposed [86] , such as magnetic-mirror equivalents of Drexhage's experiment, that rely on engineering of unconventional reflection constants.
The second pertinent limit of metasurface emission control is that of the LDOS effect induced by single building blocks ( Figure 6C ). Plasmonic nanoparticles [87, 88] can induce both enhancement and quenching of fluorescence, as a result of a combination of pump intensity enhancement and the competition between emission rate enhancement, Ohmic damping, and intrinsic quantum efficiency limits of fluorophores. While record plasmonic emission enhancements have been reported as high as 1000-fold [89] [90] [91] (e.g. 1900-fold enhancement reported in [90] , which de facto factorizes into roughly 225-fold pump enhancement, 4-fold directivity/collection enhancement, and between 2 and 5 times radiative rate enhancement), these have been achieved for emitters placed in sub-10 nm proximity of carefully designed single antennas. In light-emitting metasurfaces, the aim more usually is to use spatial correlations in scatterer placement to optimize emission directivity, often for a spatially distributed ensemble of fluorophores [58] . For intrinsically poor emitters, the additional optical LDOS of building blocks in a metasurface can help accelerate emission, outcompeting nonradiative decay, while this energy is radiated into the far-field by the metasurface in a tailored and directive manner [58] . On the other hand, quantum emitters that already have near-100% quantum yield (QY) do not benefit from LDOS enhancement, as each emitter cannot produce more than a single photon at a time [92] . Examples of high-QY quantum emitters deposited in solid state are CdSe QD up to 85% [93] , CdSe/CdS or CdSeTe/ZnS (core/shell) QDs QY up to 95-100% [94] [95] [96] , dye-doped polystyrene microspheres QY up to 77% [95] , as well as many organic dyes and molecules, such as terrylene QY up to 75% [97] , Lumogen F305 81% [98] , or rhodamine 6G 85% [99] . In plasmon-antenna-enhanced remote phosphors for solid-state lighting [57] , the main objective has been to obtain 50-100-fold brightness enhancement by diffractive control of pump absorption and emission outcoupling while avoiding Purcell effects altogether in order to maintain the efficiency of intrinsically efficient emitters.
Coupling between the electronic transitions and optical states might also deteriorate the overall performance by opening new channels for nonradiative decay. For example, the excited state of an emitter can be quenched by a "dark state" -a resonance that does not couple into light but is converted into heat as a consequence of Ohmic damping. This could be a higher order multipolar plasmon mode that is poorly coupled to the far-field radiation [45] , or even an SPP that is trapped at the metal surface and cannot radiate because of momentum mismatch [100] . All of that should be taken into account to ensure successful design of light-emitting metasurfaces.
Simulating system performance
This section deals with methods for numerical computation of the performance of light-emitting metasurfaces, focusing on predicting the emission properties of ensembles of fluorophores and single fluorophores, coupled to a metasurface. A more general description of the different employed computational techniques including a discussion of their specific advantages and drawbacks can be found, e.g. in Chari and Salon [101] . Four factors contribute to the measured fluorescence count rate from a metasurface with a single emitter placed at the position r em on it: 
As common in the literature [92] , we also refer to this quantity as brightness in the following. In the first place, we have the excitation rate, which can be enhanced by the metasurface because of its ability to strongly confine the excitation field, thus providing the effective incoupling and field localization in an emissive layer [57, 58, 102] . For the emitter at the position r em , the excitation rate enhancement is Γ is the excitation rate of the emitter in free space, |E 0 | and ω exc are the amplitude and the frequency of the excitation field, respectively, and E(r em , ω exc ) is local electric field strength at the position r em in the metasurface. The excitation rate enhancement is thus tantamount to local field enhancement of the incident pump light, as controlled by the metasurface geometry, and it can be varied independently of the other factors in Eq. (6) through the pump incidence angle and pump wavelength. Note that in this paragraph we assume a weak excitation regime far below saturation, so the fluorescence count rate stays linearly dependent on excitation rate enhancement and excitation input power. The excited emitter can decay upon emitting a photon at the Stokes-shifted frequency ω em at a radiative decay rate 0 , rad Γ or without emitting the photon following intramolecular dissipation with a decay rate 0 . QY Γ Γ Γ Γ = + + The estimation of the decay rate enhancement in electromagnetic simulations is based on the fact that the enhancement of the decay rate Г of the emitter by the photonic environment can be related to the enhancement of the power P d dissipated by a classical point electric dipole p em placed in the same photonic environment: 18, 102, 103] . The classical mechanism of the radiated power enhancements can be derived from Poynting's theorem [102, 104] . When a point electric dipole is placed in the proximity of a metasurface, it is affected by its own field scattered back by the nanostructure. In particular, while maintaining an oscillating dipole moment of constant magnitude, the oscillating current does work against its own field. The associated power (work per unit time) can be calculated according to
where E scat (r em , ω em ) is the scattered electric field excited by the dipole p em oscillating at the frequency ω em and placed in r em , and 0 d P is the power radiated by the emitter placed in free space. The power P d dissipated by the dipole is a sum of the radiated power P rad and the power P loss quenched because of the Ohmic damping:
Er r where E(r, ω em ) is the local electric field excited by the dipole p em , σ is the electrical conductivity proportional to the imaginary part of the dielectric permittivity: σ(r, ω) = ε 0 εʺ (r, ω)ω, and the integration is over the whole metasurface. The third factor η ext (r em , ω em ) denotes the extraction efficiency, indicating the probability that a photon emitted by the fluorophore can escape the metasurface [58, 105] . The extraction efficiency η ext (r, ω em ) is the ratio between the power radiated to free space out rad P and the total power radiated by the emitter: ext ( , ) / .
The total power radiated in free space can be calculated by integrating the flux of the Poynting vector S(r, ω em ) through two planes parallel to the metasurface plane and positioned above (∑ 1 ) and below (∑ 2 ) it:
The remaining part of P rad is captured by other electromagnetic modes such as the guided modes and cannot be extracted.
The emission pattern is another property of the emitter that is modified by the photonic environment. In a typical experiment, the fluorescence signal depends on the collection efficiency, that is, the ratio between the power harvested by the collection optics (CO) and the total power radiated in free space out rad P :
where P(θ, φ) is the angular power density radiated in free space along the direction defined by the polar angle θ and azimuthal angle φ. At this point, it is important to emphasize that P(θ, φ) is power per steradian, as opposed to the time-averaged Poynting vector 
where r = (r sin θ cos φ, r sin θ sin φ, r cos θ) and λ = 2πc/ω em .
Converting from a classical fixed-current source in simulations, which radiates a certain power per steradian, to the physics of a quantum emitter, which upon fluorescence decay into the far-field radiates exactly one quantum of light, it is useful to divide out the total angle-integrated power to obtain an angle-dependent probability density per steradian that describes the far-field radiation pattern. Commonly, in experiments with light-emitting metasurfaces, ensembles of fluorophores are distributed over the whole metasurface and are arbitrarily oriented. In a weak coupling regime, the behavior of each emitter can be considered as independent from all the others, and their fluorescence adds incoherently to the overall metasurface fluorescence. Thus, if for a single emitter at location r em and dipole orientation p em emitting at frequency ω em and pumped at frequency ω exc the angle-resolved radiated flux in photons per second, per steradian, per watt per square meter of input intensity is Φ(r em , p em , ω exc , ω em ), then the total radiated flux of a metasurface incorporating many emitters in photons per second per steradian, per unit area of metasurface, and per watt per square meter of input intensity, is unit cell volume all orientations 
Here, ρ(r em ) is the number distribution of fluorophores (units 1/m 3 , assumed the same in each unit cell). It is crucial that when dealing with fluorescence, the emission from all emitters adds incoherently since there is no phase relation between fluorophores. Therefore, care must be taken to first determine the emission characteristics from the individual emitters and then to sum up the intensities, not the fields.
In case of a single emitter on the metasurface with a fixed pump power, the photon flux Φ(r em , p em , ω exc , ω em ) integrated over the numerical aperture (NA) of the collection optics can be used to estimate the right-hand side of Eq. (6). In the same way, one can estimate the total number of photons per second collected from a metasurface containing many emitters by integrating the total angular resolved photon flux ⟨Φ tot (ω exc , ω em )⟩ multiplied by the illumination power density in watt per square meter as a function of coordinate over the area of the whole metasurface and over the NA of the collection optics. Note that to obtain the total fluorescent count rate, one additionally has to take the efficiency of the detector system (i.e. coupling efficiencies, quantum efficiency) into account. In order to identify the proportionality constant correctly, one needs to perform a proper calibration of the experimental setup.
Also note that in experiments, usually enhancements of the various factors in Eq. (6) contributing to the overall fluorescence count rate cannot be compared to their freespace counterparts but rather to a suitable reference scenario, such as the emitters placed on a bare, unstructured substrate. By considering this reference case also in the simulations, one can resort to comparing the relative enhancement factors.
Calculations based on local dipole sources
Full-wave numerical tools such as the finite-difference time-domain method, the finite element method, and the boundary element method solve the classical electrodynamic response of structures in real space, and are hence well suited to deal with local dipole sources. Nonetheless, it is not trivial to properly simulate spontaneous emission properties. For instance, Eq. (7) for LDOS requires the field right at the point source, which in a total field simulation is singular. Also, one has to be sure that the numerical tool simulates a constant current source (fixed magnitude of p). The first works [106, 107] that used real-space solvers for spontaneous emission studied numerically the modification of spontaneous emission in 2D photonic crystal membrane structures (3D simulations) were using the point electric dipole method by Hwang et al. [108] , and highlighted the issues with implementation and convergence. The possibility to use a point electric dipole as the excitation source is now included in most computational packages. It may be didactic to consider an example from the commercial software package CST Microwave Studio, which utilizes the principle of a Hertzian dipole. Similar strategies can be implemented in most other commercial Maxwell solvers accordingly. The implementation comprises two identical PEC (perfect electric conductor) cylinders placed next to each other along a shared axis and separated by a gap in between. The cylinders are driven by an impedance discrete port that produces an electric current oscillating between the cylinders. The sizes of the cylinders are much smaller than the wavelength corresponding to the oscillation frequency. LDOS is best calculated by evaluating the Poynting flux into the far-field, plus absorption in all the scatterers in the simulation, or alternatively by evaluating the Poynting flux through a small spherical surface enclosing the source (and no scatterer). Apart from the common case of electric dipole emitters, certain simulations may also require a magnetic point dipole source. This is the case when emitters exhibiting magnetic dipole transitions are considered, such as trivalent lanthanide ions [109] . In the CST package, the magnetic point dipole emitter can be modeled as a PEC ring with a gap, in which the excitation impedance discrete port is placed. The oscillating circular current driven by the impedance discrete port produces a magnetic moment perpendicular to the plane of the ring. In a finite element package like COMSOL, electric and magnetic dipole point sources are directly implemented, or can alternatively be programmed by imposing currents on line/curve segments. If the point magnetic dipole source is not implemented in a particular computational package, it can be indirectly simulated as a point electric dipole exploiting the duality of Maxwell's equations [110, 111] .
Finite array simulations
The far-field emission from the point source coupled to a single nanoantenna can be calculated using standard near-to far-field transformation tools implemented in computational packages. For example, the commercial software package COMSOL uses the Stratton-Chu formula, which rests on the assertion that, if fields are known on a closed surface within which the complex scattering physics takes place, then these fields can be converted into equivalent surface currents from which the far-field can be reconstructed by calculating how the currents radiate.
An excellent explanation of this method, its restrictions, and implementation can be found in the seminal book of Taflove and Hagness [112] , Chapter 8. For most metasurface scenarios, this approach strictly fails for two reasons. First, calculating how the currents radiate presupposes that outside the closed surface the space is homogeneous. Instead, often infinite planar interfaces intersect the entire simulation. Second, if one takes not a closed surface but only, say, one detection plane, the Stratton-Chu formula strictly does not apply. To resolve this issue, one requires generalized methods for calculating the far-field emission patterns based on the Green's function method [113] and the reciprocity principle [114] . Since metasurfaces are periodic arrangements of nanoresonators and infinitely extended compared to the wavelength of the emission, direct simulation of the metasurface will require huge computational resources. In particular, while diffraction calculations (plane wave impinging on periodic systems) can be efficiently implemented with periodic boundary conditions, calculations where a single point source excites a lattice are very demanding.
A standard approach of simulating the metasurface with a single coupled point source is utilizing the finite array method [22] . While the whole periodic structure cannot be simulated, it is possible to build a finite array consisting of several unit cells in the computational domain with PML (perfectly matched layer) or open boundary conditions ( Figure 7A ). However, the accuracy of this straightforward method is limited by the computational resources. The modes of the metasurface that define the emission patterns and the radiative decay rate enhancement are affected by the finite size of the array. Indeed, it was shown that the Q-factor and the resonant wavelength depend on the number of unit cells comprised within the finite array [27, 115] . The increase in the number of the unit cells requires additional computational resources. A fundamental problem of this approach is that there is no guarantee that truncations to a finite array actually converge to the infinite-array response. This is intrinsic to Eq. (1), which describes multiple scattering between dipolar scatterers, since the radiative interactions only decay as 1/r. Figure 7B -G show the simulated patterns P(θ, φ) of the emission into the upper hemisphere (z > 0) from an x-oriented point electric dipole located at the center of a finite array (lattice constant 1000 nm) consisting of a gradually increasing number of unit cells. Each unit cell includes a nanocylinder with a refractive index of 3.5 and a diameter and a height both of 400 nm. The surrounding medium has a refractive index of 1. The point electric dipole is oscillating at the frequency corresponding to the excitation of the electric dipole resonance of the nanocylinders. 
Inverse Floquet transformation for far-field emission calculations
The main obstacle to efficient calculations involving periodic metasurfaces driven by a single source is that the single source breaks the periodicity. A method that employs an inverse Floquet transformation allows for the reconstruction of the emission response of a single dipole p(r) in a periodic metasurface by combining the response for periodically arranged dipoles with varying phase relation , where a 1 and a 2 are the lattice vectors. The solution B k E corresponding to B k p can be calculated directly using simulations assuming Bloch periodicity. The solution E for the original source p(r) can then be obtained via the inverse Floquet transform [118] , performing the integration over the Brillouin zone (BZ):
Calculating radiative enhancements using the reciprocity principle
The reciprocity principle ( Figure 9 ) is applicable in linear media with symmetric dielectric permittivity and permeability tensors. It states that for any two source distributions J 1 (r) and J 2 (r) placed in the system
∫∫∫ ∫∫∫
J r E r r J r E r r (14) where E 1 (r) and E 2 (r) are electric fields produced by J 1 (r) and J 2 (r), respectively. If we consider two point electric dipole sources J m = −iωp m δ(r − r m ), where m = 1, 2, Eq. (14) will simplify into the commonly encountered expression
A formulation of the reciprocity principle for the two cases of magnetic dipole and electric quadrupole sources can be found in Landau et al. [119] .
If we place the first dipole p 1 on the periodic metasurface at the location of the hypothetical emitter that we wish to consider, and displace the second dipole p 2 far away along the direction (θ, φ), then E 1 (r 2 ) represents the far-field emitted by the first dipole coupled to the metasurface and radiated into the direction (θ, φ). Conversely, E 2 (r 1 ) represents the local electric field at the metasurface excited by a plane wave incident from the second dipole along the same direction (θ, φ) ( Figure 10A ). The orientation of the second dipole p 2 defines the polarization of the incident plane wave. Therefore, the reciprocity principle allows us to calculate the far-field radiated power and polarization due to a single dipole in the near field, without any calculation that actually includes the dipole. Instead, one simply needs to calculate the near field in response to far-field driving. This allows us to overcome the usual difficulties associated with the simulation of single dipole sources coupled to a periodic structure and to limit the computational domain to an elementary cell with periodic boundary conditions.
The power P(θ, φ; r 1 ) emitted along the direction (θ, φ) by a randomly fluctuating dipole p 1 , which on average is isotropically oriented, placed at r 1 on the metasurface in far-field can then be calculated as [18, 120] 
where TE, TM denote the TE and TM polarization of the plane wave incident along (θ, φ), which excites E 2 (r 1 ), ε 2 is the dielectric permittivity of the medium surrounding p 2 . The integration is performed to average over all possible orientations of
. If the point dipole emitter p 1 is effectively isotropically oriented, the integration in Eq. (16) is proportional to |E 2 | 2 . In other cases, the integration needs to be adjusted to take only the relevant field orientations into account. Finally, we can sum up the emission from all emitters contained in the metasurface architecture via the following integration:
where V is the volume within the unit cell that contains the emitters. Here we assume that all emitters are excited with the same efficiency. If this is not the case, one can in principle define appropriate weight functions for the differently excited emitter regions.
As an illustrating example, we performed calculations of the emission pattern P(θ, φ) from the periodic metasurface described in Section 3.1.1 ( Figure 7 ) using the reciprocity principle. The incoherent x-oriented electric point dipoles were embedded into the centers of the periodically arranged disks. The system was simulated as a unit cell with periodic boundary conditions and plane wave excitation ( Figure 10 ). According to the reciprocity principle, the far-field angular power density
where E x is the x-component of the local electric field excited by a TE or TM polarized plane wave incident along (θ, φ) and evaluated in the center of the disk. The results are depicted in Figure 10B . One can note the similarity with Figure 7E -G where the far-field emission pattern was calculated using the finite array method. Chen et al. [117] reports further benchmark calculations of the LDOS and radiation patterns using both the inverse Bloch-Floquet/array scanning method and reciprocity for sources driving periodic metasurfaces embedded in complex stratified stacks.
As was discussed in Sections 2.1 and 2.2, the shape of the emission pattern P(θ, φ) shown in Figure 10B is defined by the interaction of the electric dipole resonance of the dielectric nanocylinders and the lattice modes in accordance with Eq. (5) . Following the illustration in Figure 4B , we depict the repeated zone scheme circles corresponding to the array of nanocylinders in Figure 10C . Clearly, the underlying pattern in Figure 10B and C shows good agreement.
Note that the simulations based on the reciprocity principle quantify only the coupling of a source to the modes of the nanostructures that can couple to free space. The method cannot be used for the estimation of the extraction efficiency, since the dark modes are not taken into account. In other words, emission into guided modes, as well as quenching, cannot be quantified using just a reciprocity approach.
Measuring system performance
This section discusses the experimental methods commonly used to determine the performance of light-emitting metasurfaces, focusing particularly on fluorescence metrics in the optical (visible, near infrared) domain. As was described in Section 3, the fluorescence signal is a product of four factors: excitation efficiency, quantum yield, extraction efficiency, and collection efficiency. All four factors can be enhanced by the metasurface. Typically, an experimentalist who wishes to measure the performance of a given light-emitting metasurface can gain easy access to the left-hand side of Eq. (6), namely the brightness enhancement caused by the presence of the metasurface in a given setup. However, often the target is to understand the various factors contributing to this enhancement. Thus, in order to unveil the effect of these factors, one faces the challenge to measure the factorization, i.e. disentangling all the physics that goes into the right-hand side of Eq. (6) . In the following, we will describe the experimental methods and instruments that, in principle, aim to separately assess the different terms in Eq. (6). Note, however, that in light-emitting metasurface we face a fundamental issue which makes the measurement of the factorization difficult: typically, many emitters contribute to the light emission, and the experimentally measured emission enhancement is averaged over an ensemble of emitters. Importantly, each factor in Eq. (6) is dependent on, e.g. the position and orientation of the emitter. As a result, the total measured emission enhancement cannot be trivially factorized anymore. For instance, if one examines fluorescence decay traces of ensembles, since one sums photon counts, one effectively samples a biased sub-ensemble of the brightest emitters, where, for instance, quenched or unpumped emitters are underrepresented. Similar considerations hold for other observables. An interesting approach to overcome this problem is to isolate the emission from individual emitters that interact with the metasurface. According strategies include the dilution of the emitters that allows singling out an individual response, as well as superresolution approaches, as discussed below.
Brightness enhancement
The workhorse tool for measuring the overall fluorescence enhancement and the factorization of its constituent factors depicted in Eq. (6) is based on fluorescence spectroscopy and imaging. In this technique, the sample is optically excited by a laser or light-emitting diode (LED), which is focused on the sample by a lens or a microscope objective. The same (reflection mode) or a different (transmission mode measurements) objective collects the fluorescence emission from the sample. The collected emission propagates through a dichroic mirror and/or a spectral filter that rejects pump light, and then is directed to a spectrometer or a photodetector. This arrangement is most efficient for active metasurfaces emitting in the silicon detector range (wavelength from 400 to 1000 nm), owing to the availability of complementary metal-oxidesemiconductor (CMOS) cameras with near-single-photon detection capabilities. This general setup is suited for measuring the overall fluorescence enhancement relative to emitters placed in the same setup in a reference environment (in solution or on a plain substrate), and with extensions suited to explore factorization in various contributing physical mechanisms (see below). An important caveat is that literature reports on fluorescence enhancements are meaningless unless a full specification of set-up parameters is given, which at least includes the collection NA, the orientation of the sample relative to collection and excitation, and the precise geometry of the pump spot in terms of spot size, opening angle, and polarization. For instance, even simple systems (e.g. fluorophores on plasmon particle antennas) can appear to give fluorescence enhancement in one measurement geometry, yet fluorescence suppression when the sample is placed upside down in the same setup. As another complication, the materials used for nanoantenna and metasurface fabrication may show significant autofluorescence in the spectral region of interest, thus complicating the determination of the correct brightness enhancement. If the autofluorescence is weak compared to the fluorescence from the target emitters, performing a measurement of the emission from the structure under the same experimental conditions but without any emitters and subtracting this pure autofluorescence signal from the emission of the coupled system can be an option.
Role of the excitation field
Fluorescence enhancement can result from local enhancement of the excitation field, for instance, through excitation of resonances in the metasurface scatterers, or through diffractive incoupling. It is a challenge to separate this absorption enhancement effect from effects at the emission wavelength, owing to the fact that it is very difficult to measure the fraction of absorbed pump light directly. Pump light extinction can generally be measured, but cannot be generally traced back to the amount of absorption in the fluorescing species. Indeed, the extinction is usually largely due to intrinsic dissipative losses in the materials of the metasurface and scattering of light out of the collection beam path. Only in samples with dense layers of emitters do the emitters themselves contribute measurably to absorption. As rule of thumb, the absorption cross-section of a room-temperature emitter is 10 −20 m 2 , meaning you would need 1 molecule every 0.1 nm 2 for complete absorption (area measure) [121] . Instead, typical fluorophore-doped films for metasurface lasing experiments have 1 molecule every 3 nm 3 , at the limit of concentration-quenching (pump light experiences just a few percent absorption for a film 100 nm thick) [122] . Most fluorescence experiments operate at or below that regime, and strong coupling experiments at 10 times higher density [123] . A very useful tool to gain insight into pump enhancement effects without directly measuring pump light absorption in the emitters is, instead, to monitor fluorescence count rate while varying the parameters of the pump. Resonances in the metasurface responsible for the excitation enhancement are typically sensitive to the excitation wavelength, incident angle, spot size, and polarization. In order to separate the effect attributed to the excitation enhancement in Eq. (6), one can hence vary the parameters of the excitation. To this end, spectrally filtered supercontinuum lasers provide convenient access to tuneable pump light for excitation spectroscopy. Also, in a microscope setting, one can vary between focused illumination (parallel beam offered to microscope objective, leading to a diffraction-limited focus) and angled incidence of parallel beams (laser focused to a point in the objective back focal plane). A caveat when working with ensembles of emitters is that such manipulations affect the spatial distribution of the local electric field and thereby the subset of emitters in the ensemble that contribute to the signal.
Quantum yield enhancement
Quantum yields of fluorophores are among the most challenging parameters to measure, even for fluorophores in simple, unstructured samples (solutions). For such simple systems, one either uses a brightness comparison relative to a fluorescence standard (relying on a precise knowledge of concentration and absorption cross-sections) or measures QY as a ratio of the number of the emitted photons N em and the number of the absorbed photons N abs :
In a typical experiment, this requires a radiometrically calibrated determination of absorbed excitation flux (proportional to N abs ) and an integrating-sphere measurement of the number of emitted photons N em [124] . This approach is prone to a suite of artefacts, such as reabsorption (at high concentration), incomplete collection of all photons by the integrating sphere, calibration artefacts due to the spectral dependence of responsivities of detection channels, and signal-to-noise ratio artefacts at low absorption or emission. Metasurfaces typically have parasitic absorption, obscuring N abs , and guided modes, keeping the emitted light from reaching the integrating sphere. Therefore, external quantum efficiency determination (farfield-collected photons out divided by the total number of offered pump photons in) is well possible, but determination of absolute internal quantum efficiencies of emission for the light-emitting species is nearly impossible. Two routes to progress are apparent. First, integratingsphere methods have recently been extended to nanoscale mapping of quantum efficiency in nanophotonic systems [125] . Second, an alternative method to obtain information on the effect of a metasurface on QY of fluorophores is to study the same metasurface with fluorophores of very different intrinsic quantum efficiencies. In essence, QY of an intrinsically efficient (QY 0 = 1) emitter can be deteriorated only by a metasurface. In contrast, an intrinsically poor emitter (QY 0 < 1) coupled to the metasurface can exhibit QY enhancement of up to 1/QY 0 . Thus, measurements conducted on the same structure but with different emitters at opposing ends of the QY scale would, in principle, allow to systematically modulate the contribution of the QY enhancement to the total brightness enhancement. This approach has been succesfully applied for single plasmon antenna systems [92] .
Decay rate enhancement
An important performance characteristic is the LDOS enhancement, as expressed in an acceleration of fluorescent decay. Once an emitter is excited by absorbing a pump photon, it will decay to its ground state, emitting a single photon at a random time t after excitation, according to an exponential probability distribution set by the fluorescence lifetime τ. By averaging over many excitation-emission cycles, one expects to measure a fluorescence decay trace 
where I 0 is the emission intensity at zero time, and the lifetime of the excited state is the reciprocal of the total decay rate:
The total decay rate is a function of the photonic environment surrounding the emitter through its dependence on LDOS. Typical lifetimes of excited states are in the low nanosecond regime for typical organic dyes, color centers, and colloidal QDs.
Time-correlated single-photon counting (TCSPC) is a common experimental technique for measuring the fluorescence decay of emitters (Eq. (19)). It uses the fact that detectors such as avalanche photodiodes can have a very fast electrical response upon optical detection of a single photon (50 ps), and mitigates against the fact that both the detector and processing electronics typically have a long (10-100 ns) deadtime after detecting one photon. The technique is based on periodic excitation by a pulse train and data collection over many cycles of excitation, where the probability of collecting a single photon per excitation pulse is deliberately kept in the sub-1% range. Figure 11 illustrates the typical scheme. A pulsed laser generates a 1-50 MHz repetition rate (chosen an order of magnitude slower than the fluorophore decay rate) pulse train for excitation and a synchronized electronic signal which triggers the time interval analyzer. The laser pulse propagates to the sample and excites the emitter. After a certain time ∆t, the emitter relaxes to a ground state emitting the photon. Once and if the photon has reached the detector, it generates the electrical signal that stops the time interval analyzer. The time delays between excitation and detection are accumulated in a histogram, which represents the fluorescent decay trace. The photon count rate must be kept low to ensure that the probability of two photons on the detector for one pulse is negligible to avoid skewing of the histogram, since the detection system is blind until the next laser pulse.
In principle, TCSPC is directly applicable to metasurface experiments. However, several caveats apply. First, as in any spontaneous emission rate enhancement experiment, the acquired information concerns only the total decay rate, i.e. the sum of radiative and nonradiative contributions. Ambiguity in separating these contributions can be partially resolved by corroborating with QY or at least brightness enhancement measurements. Second, except in the case of single fluorphore experiments, ensemble averaging can significantly hamper interpretation. The measured photoluminescence (PL) decay curves obtained from metasurfaces containing a large number of emitters usually have multi-or nonexponential behavior as a result of the inhomogeneous photonic environment. It is a challenge to fit such data uniquely with a distribution of rates. This challenge is even more significant if the emitters themselves have a wide distribution of lifetimes, as is the case for QDs, and, e.g. color centers in nanodiamonds. Furthermore, if the metasurface has absorbing constituents, then the ensemble signal will not weigh all emitters equally, on average. Indeed, those emitters that are accelerated most are likely also quenched most, and hence contribute least. Section 5.2 reports on super-resolution TCSPC imaging to circumvent this issue.
Fourier imaging
Since an important function of light-emitting metasurfaces is to redirect light, a method is required to quantitatively map the radiation patterns. Fourier imaging, or back-focal-plane imaging, in a microscope provides angular mapping over a large angular range (over 70° from the sample normal) with good resolution (as good as 0.5°) in a setup with no rotating parts, and directly on a camera. It is suited for systems ranging from single nano-objects and single molecules, to metasurfaces spanning 200 × 200 μm in size, as limited by the aberration-free field of view of microscope objectives.
Fourier imaging is based on the property of a lens to create a Fourier transform of the optical field in its front focal plane at the back focal plane of the lens [126] . In a typical Fourier imaging system ( Figure 12A ), a high-NA objective is used for collecting the emission from the sample. Since the back focal plane of the typical objective is inside the objective body, an additional lens system is used to image the back focal plane of the objective on the camera sensor. Kurvits et al. [129] describe various other possible imaging configurations for Fourier microscopy.
The intensity distribution P(k x , k y ) at the back focal plane of the objective is defined by the angular distribution of the emission P(θ, φ) according to the following equations [127, 130] :
, cos
(2 / )sin cos ,
where λ is the wavelength of the emission, and cos −1 θ is the apodization factor due to the conservation of energy for the projection (see Figure 12B for illustration). The NA of the objective defines the highest angle θ at which the emission can be collected, and thereby limits the part of Figure 11: The sketch of the time-correlated single-photon counting (TCSPC) system. The pulsed laser excites the sample. The detector registers the photons emitted from the sample. The time interval analyzer is used to measure the time delay between the sync electronic signal from the laser producing the pulse and the electrical signal from the detector corresponding to the registered photon. The delay histogrammer collects and processes the statistical data.
the reciprocal space imaged at the camera sensor. The main limitation for quantitative radiation pattern measurement is that objectives can have an angle-dependent transmission function. This factor can be corrected for by measurements on trusted references, such as Lambertian emitters, and emitters on air/glass interfaces with highly distinct radiation patterns [131, 132] . Also, polarimetric and interferometric back focal plane imaging are possible, but they are potentially hampered by objective birefringence and aberrations [133, 134] . Grzela et al. [135] demonstrated that the same optical setup can also be used in reverse, i.e. to probe the angle dependence of absorption. To this end, monochromatic excitation light is offered as a focused beam to the back focal plane of the objective, and the focus is scanned point by point through the back focal plane. On the sample, this corresponds a parallel beam, scanning through θ and φ. Collecting the total fluorescence as function of the incidence angle then reveals the angle-dependent absorption. Also, Fourier microscopy can be used for micro-ellipsometry of metasurfaces, i.e. for the determination of angle-dependent and polarization-resolved specular reflection and transmission coefficients [136] [137] [138] .
An important extension of back focal plane imaging is momentum-resolved spectroscopy [122, 128] . It allows for the analysis of emission patterns at different wavelengths. This is useful, since many emitters have rather broad emission spectra and the typical metasurfaces exhibit resonant behavior. Taking both aspects together, the emission patterns can strongly depend on the wavelength. In this technique, the back focal plane of the objective is imaged on the entrance slit of an imaging spectrometer ( Figure 12C) . The slit selects a thin line of the back focal plane image ( Figure 12D) , and the spectrometer projects the image of the slit on the camera sensor ( Figure 12E ) through the dispersive element of the spectrometer.
To obtain similar information, alternatively, one can also perform conventional back focal plane imaging as described above and place an interferometric tunable bandpass (BP) filter in the beam path, analogous to hyperspectral imaging techniques. However, such filters are sensitive to the angle of incidence and polarize the transmitted light, thus limiting the applicability and accuracy of this method. Alternatively, one could obtain simultaneously spectral and directional information about the light emitted by the metasurface using a fiber mounted on a rotating arm. The method is typically used in the analysis of LEDs [105] , but it requires a strong signal and is cumbersome and slow for full 2D maps of both θ and φ dependences.
Light-emitting metasurfaces: state of the art
In this section we review the state of the art in experiments on light-emitting plasmonic and dielectric metasurfaces.
The section is structured as follows. First we review the common approaches to making metasurfaces active by integration of emitters. These strategies are largely shared between plasmonic and dielectric realizations. Next, in Section 5.2 we review active plasmonic antenna array systems, specifically also addressing how the conceptual ideas of Section 2 come to fruition (unit cell polarizability engineering, and lattice engineering). Finally, Section 5.3 turns to all-dielectric metasurfaces.
Integration of emitters with metasurfaces
Various ways have been explored to integrate emitters with nanoantennas and metasurfaces. Some typical possibilities are conceptually illustrated in Figure 13 . Both for plasmonic and dielectric implementations, the emitters can be situated in the environment of the nanostructures. Because of the large number of demonstrations of emitters coupled to plasmonic nanoantennas and metasurfaces in the literature, here we do not attempt to provide a comprehensive review but limit our discussion to a few illustrative examples. A common way to bring emitters in the immediate environment of a metasurface is to disperse them in a host material, a thin film of which is then coated onto the nanostructures. For example, Tanaka et al. dispersed lead sulfide (PbS) semiconductor QDs in polymethylmethacrylate (PMMA), and the QD/PMMA solution was then spin-coated onto a plasmonic metasurface, forming a 180-nm-thick layer [139] . An early work in the realm of dielectric metasurfaces dispersed PbS QDs in polystyrene and spin-coated it onto a silicon nanocylinder array [140] . -doped polymer layers were applied to plasmonic [142] and silicon [111] metasurfaces using the Langmuir-Blodgett technique and spin coating, respectively. Light-emitting two-dimensional materials such as monolayers of transition-metal dichalcogenides, which can be viewed as thin films in their fundamental thickness limit, can also be integrated with both plasmonic and dielectric metasurfaces. To this end, metal nanofabrication on as-grown monolayer crystals, stamping of exfoliated monolayers, or wet transfer procedures can be used [143] [144] [145] . Instead of applying thin layers of the active material, one can also immerse the nanostructures into a liquid medium containing a dye [146, 147] . Another option is to start the nanostructure fabrication from substrates that already contain the emitters, such as wafers containing nearsurface self-assembled QDs [148] or a fluorescent glass substrate [149] . However, all the approaches mentioned so far do not by themselves allow for a precise placement of the emitters with respect to the nanostructures, e.g. in their hot-spot area. Such precise placement is important to maximize emission enhancement or control directional effects. Several suitable techniques to couple different quantum systems to plasmonic antennas have been presented [150] . For example, a viable route for precise emitter placement combines a two-step electron-beam lithography procedure with a chemical surface functionalization to immobilize emitters in predefined nanoscale areas only. This method was introduced by Curto et al. [62] to demonstrate coupling of a single QD to a Yagi-Uda nanoantenna. A self-assembled monolayer of mercaptoundecanoic acid was applied after the second electron beam step, functionalizing exclusively the exposed areas. After activation with carbodiimide, the sample was immersed into a solution of CdSeTe/ZnS QDs, resulting in covalently bound QDs in defined areas on the gold surface. To apply this technique for dielectric metasurfaces, different chemicals for surface functionalization have to be employed to allow binding to the dielectric materials or the substrate. For example, Peter et al. used QDs coated with a polymer providing carboxyl surface groups, which could selectively bind to defined areas of a silanized substrate [151] . Binding of colloidal streptavidin-coated CdSe QDs to a silica surface can be achieved using silane-PEG-biotin as a linker molecule [152] . Another interesting technique for the selective placement of emitters is dip-pen lithography. In a recent work [153] , core/thick-shell "giant" nanocrystal quantum dots (gQDs) of various compositions were dispersed in a liquid ink, and a scanning probe tip was used to "write" small dots of the material onto silicon nanoantennas. High-resolution electro-hydrodynamic printing of QDs on plasmonic nanostructures with a few nanometer precision was also demonstrated [154] . In addition to placing the emitters in the nanostructure environment, all-dielectric implementations also offer the opportunity of integrating them directly into the dielectric nanoantennas. For plasmonic nanostructures this is usually not possible, although it should be mentioned that light emission from metallic nanostructures, such as two-photon PL and cathodoluminescence, offers powerful opportunities for their characterization, especially their near-field properties [155, 156] . These light emission mechanisms are, however, usually not sufficiently efficient to be interesting for light-emitting devices. For dielectric metasurfaces, an elegant way to integrate emitters into the nanoresonators is to start the fabrication from epitaxial wafers containing quantum wells or self-assembled QDs. Using lithographic techniques in combination with reactive ion etching, these wafers can then be nanostructured into the desired nanoantenna or metasurface geometries. This was demonstrated for silicon nanoantennas [157] and metasurfaces [158] containing germanium QDs, as well as for GaAs metasurfaces containing InAs QDs [159] . Alternatively, the fabrication of hierarchical metasurfaces with meta-atoms composed of densely packed QDs in a polymer matrix was also demonstrated [160] . Another simple but effective solution is to fabricate the metasurface building blocks from homogeneous thin films of direct-bandgap semiconductors such as GaAs and to use the bandgap luminecence as a light source [161] . The beauty of incorporating the emitters into the nanoantennas is that the emitters are well protected from possibly detrimental environmental influences, and that a good overlap with the electromagnetic near fields of Mie-resonant dielectric building blocks can be achieved.
Plasmonic light-emitting metasurfaces
Incorporating extended plasmonic nanostructures for emission control has been of main interest for light-emitting devices, for instance in framework of LEDs, organic LEDS, and blue-LED-pumped phosphors for white light emission [58] . In the last 5 years, this research area evolved to also include coherent emission phenomena [31] , such as lasing [162] , and plasmon exciton-polariton physics [78, 123] . The main premise is that periodic diffractive plasmon structures combine strong light-matter interactions from field enhancement with narrow resonance linewidths due to diffraction. Improvement of light sources generally involves (i) highest possible brightness and/or energy efficiency from pump to output photon, and (ii) maximum control over emitted light in terms of spectrum, directionality, coherence, and polarization.
Early studies on plasmonic metasurface-enhanced light emission include organic light-emitting devices [163] as well as semiconductor quantum well geometries with periodically corrugated metallic structures [164, 165] . While select studies have examined other emissive systems such as QDs [166, 167] and rare-earth-doped glasses, e.g. Ce:YAG phosphors [75, 76] , and implemented inverse geometries, i.e. hole arrays [64, 168] , most studies have converged on structures composed of plasmonic nanoparticle lattices on low-index substrates, covered with 300-500-nmthick layers of organic fluorophores [57, 77, 163, 169] . More recently, studies also extend to 2D active materials [170, 171] and metal halide perovskites [172] . While original studies on light-emitting metasurfaces were largely motivated by the notion that the high Purcell factors of plasmon scatterers promote emission while high local field enhancement would accelerate pumping [173] [174] [175] [176] , in fact the common denominator of successful devices is that diffractive resonances enhance pump incoupling and emission outcoupling [57, 77, 177] . The main achievements of this strategy are detailed in the next section.
Diffraction as main philosophy of light-emitting plasmonic metasurfaces
The possibility of using Bragg diffraction to scatter out waveguided emission has been explored as early as two decades ago [59] . Diffractive coupling effects are not strongly dependent on near-field enhancements, which are typically localized to just 20 nm around any scatterer [75] . Indeed, diffractive emission control readily extends to other emission mechanisms, such as thermal (blackbody) emitters [35, 178] (see the recent review [30] ). The advantage of plasmonics over, e.g. photonic crystals [179] is that diffractive efficiencies are very high [180] because of the large scattering cross-section of antennas. Also, in the strong multiple scattering regime [181] , the diffraction conditions are sufficiently broadened in frequency and angle to match fluorophores and applications of interest. Finally, plasmon lattice resonances [77, 169, 176] and hybrid modes of waveguides and plasmon lattices [75, 76] have quite strong field enhancements, averaged over a unit cell. The hybridization of the strongly diffractive lattice and the waveguide mode leads to Fano resonances in diffraction, extinction, and emission. These can be tuned to correspond to significant field enhancement in the waveguide layer. Surprisingly, such diffractive outcoupling of emission has been shown to be equally efficient when using quasi-periodic and aperiodic (spatially correlated) lattices [65, 66, 68, 70] . Owing to the richness of Bragg conditions available in these arrangements, they provide larger spectral and angular bandwidths of operation.
To provide realistic performance numbers in periodic plasmon antenna lattices operating by diffractive resonances, absolute pump intensities have been enhanced by a factor of 4-6 [57, 77] , while absolute light extraction into air can be improved from roughly 30% to 80%, if one takes as emissive layer a typical polymer waveguide geometry [59] . The extracted light does not appear in the far-field as a Lambertian distribution, but instead directly reveals constant frequency slices through the repeated zone-scheme dispersion relation ( Figure 14A) . As a consequence, the angles at which bright emission occurs can be tailored by tailoring the lattice dispersion relation [182] , which allows reaching apparent 10-fold extraction improvement at a given emission angle [77] , leading to very large overall directional enhancement (reported values: 60-fold under pumping by a CW laser, and 20-fold under excitation by a blue LED). The angular range of emission at a given wavelength can be as narrow as 1-2° ( Figure 14B ) while extending over bandwidths of 5-10 nm at a given emission angle [76, 77] . When spectrally integrated, this directional enhancement [77] can reach values of about 14, while integration over both spectral and angular range [177] may give an overall enhancement of about 4.5. The spectral and angular band in which directivity occurs is controlled through lattice periodicity, while the magnitude of the enhancement and the bandwidth can to some degree be tuned by the scatterer polarizability. In aperiodic systems, similar overall extraction efficiencies were obtained as in periodic lattices with the same density and type of scatterers, but with emission distributed over a much larger angular range (about ±45°, when emitting around the normal), and with enhancement effective over a much larger spectral range (a few tens of nm), covering a significant fraction of the emission band of organic fluorophores [66, 70] .
Metallic nanostructures are naturally associated with additional benefits, e.g. serving as contacts for electrical excitation of emitters [164, 165] and Purcell enhancement. However, direct proximity of emitters to metals often introduces large additional quenching losses associated with Ohmic damping [98] . High-efficiency emission hence leads to convergence on structures that employ large scatterers (highest albedo [183] ), avoid narrow gaps [166] , and avoid extremely thin emitter layers on extended metal films. Near-unity quantum efficiency can be maintained (starting from efficient emitters) despite the use of metal when using particle lattices where dipole scatterers up to 100 × 100 × 40 nm occupy unit cells of 400 × 400 × 400 nm in size. This choice optimizes the polarizability per unit cell for scattering, while just 1% of the unit cell volume is occupied by the metal. The internal emission efficiency of emitters in such a structure, averaged over the unit cell, is maintained essentially above 75% [98] .
Another benefit of large polarizability is that already small patches of periodically arranged plasmonic scatterers, just a few scatterers across, are sufficient to bring out the collective effects of infinite lattices [184] , such as diffractive directional in-and out-coupling of emission. This has been elegantly demonstrated by several groups [64, 185, 186] . One of the studies investigated the emission from fluorophores located at the central scatterer (hole-in-film) in a hexagonal lattice, adding rows of the lattice one by one around the central hole [64] . The far-field emission directivity was observed to sharpen with increasing lattice size, already showing the typical repeated zone scheme features of Figure 4 for systems as small as just five holes across.
Single-antenna contributions to emission control in plasmonic metasurfaces
While the strength of collective diffractive effects is in light extraction and directivity control, it is not evident how fluorophores in plasmon antenna arrays benefit from the localized resonances of individual scatterers, beyond the notion of strong diffractive effects through large polarizability. The most obvious benefit of single plasmon scatters on emission that one would hope to transpose to metasurfaces is in near-field enhancement of pump light and in Purcell enhancement [174, 175] . These typically occur at emitter-antenna separations in the 0-20 nm distance range, as has been widely studied at the level of individual plasmonic nanoparticles and reviewed in a recent article [92] . State-of-the-art literature reports of experimental single-nanoantenna emission enhancements use single emitters at a time, with large efforts taken by top-down and bottom-up methods to establish controlled antennaemitter separations [87, 88] and avoid averaging over this separation. Many of these studies have evidenced 1000-fold emission enhancements per molecule [187] [188] [189] , often using emitters that are intrinsically inefficient. In these studies, the emission enhancement factorized in approximately two orders of magnitude pump field enhancement and one order of magnitude emission efficiency enhancement obtained by outpacing intrinsic nonradiative decay by accelerating emission. Beyond simple dipole nanoresonators such as nanospheres [87, 88] and nanorods [188] , similar numbers were obtained in bowtie antennas [187] and other kinds of nanoparticle dimers [189] [190] [191] . The most pronounced success was obtained in gap antenna systems composed of metallic nanocubes placed above a metallic layer and separated from it by a thin (<10 nm) layer of dielectric, forming the so-called nanopatch antennas ( Figure 15A ). These are the only systems to date that have shown a vast emission brightness enhancement, typically about three orders of magnitude, even for intrinsically efficient emitters [89] [90] [91] , and approaching even four orders of magnitude for emitters of low intrinsic emission rates. Successful single nanoantenna constructs are highly dedicated in terms of the very small emitter-antenna separation and metal-metal gaps to obtain large effects. Consequently, similar emission enhancement values have not been achieved in experimentally studied plasmonic antenna lattices, which have generally focused on spatially distributed ensembles. In the typical bright diffractive structures, only a few percent of emitters would be sufficiently close to antennas to experience the plasmonic enhancement effects that characterize single nanoantenna physics. On the ensemble-averaged level, there is evidence that there is in essence no net emission enhancement from LDOS contributions [98, 123, 177] . It should be noted that this statement in itself has only been partially verified in the literature. An ideal measurement would be to deploy a super-resolution microscopy method to image pump enhancement, Purcell enhancement, light extraction efficiency, and directivity as function of where an emitter is located in the unit cell of a metasurface. Methods to achieve this could be near-field raster scanning with a fluorescent probe ( Figure 16A, D) [87, 88, 193, [196] [197] [198] , localization microscopy of randomly dispersed single fluorophores [98, [194] [195] [196] [199] [200] [201] [202] inspired by PALM (photoactivated localization microscopy) and STORM (stochastic optical reconstrction microscopy; Figure 16B-D) , or lithographic Moire imaging [203] . Unfortunately, each of these methods has proven tedious (scanning), artefact-prone (localization microscopy), and too photon-starved to, e.g. map single-emitter directivity. Ensemble-based measures for LDOS effects in emission tend to be heavily biased by the fact that brightest emitters count most in ensemble-averaged signals [92, 204] . Since LDOS enhancement often implies quenching, LDOSenhanced emitters are under-represented in fluorescence lifetime measurement when starting with ensembles of bright emitters. Conversely, in those studies that use inefficient fluorophores to start with, LDOS effects to enhance emission gain relevance [165, 205] .
Finally, directivity control of emission does not necessarily have to depend solely on diffractive lattice effects since also single plasmonic antennas can impart directivity as well as polarization signatures [46, [61] [62] [63] 192 , [194] . Copyright (2015) American Chemical Society. (C) Probing the emission enhancement near the tip of a silver nanowire using a microfluidic crossed-channel device. The scatter plot (left) shows data recorded when a quantum dot (QD) was scanned near one nanowire end, while the intensity was monitored at the opposite end. Both QD lifetime and Purcell factor can be extracted (right). Reprinted by permission of the Springer Nature, from: Nature Communications, Nanoscale imaging and spontaneous emission control with a single nanopositioned quantum dot, Ropp et al. [195] , Copyright 2013. (D) LDOS map of a metasurface -a hexagonal array of nanoparticles (SEM image, upper left) obtained by super-resolution localization microscopy (upper right) and by near-field scanning optical microscopy (NSOM, bottom left and right). Adapted with permission from [196] , Optical Society of America. 206, 207] . The key asset is that appropriately designed antennas support magnetic and multipolar resonances [45, 46, 61, 192] , aside from the expected dipolar plasmon resonance. Driven by an emitter, mutually coherent superpositions of these multipole moments can be excited, which in the far-field express as non-isotropic radiation patterns. In the context of metasurfaces, these single building-block radiation patterns are, to first order, superimposed on the collective diffractive effects, as per Eq. (4). The most obvious signature is that directive emission of fluorophores that arises from surface lattice resonances derives preferential linear polarization from the unit cell building blocks, if these are nanorod antennas (linear electric dipoles) [169] . More advanced signatures [46, 61] have been observed with split-ring antenna arrays with coupled magneto-electric or dipolar-quadrupolar polarizability ( Figure 15B ), and with 2D chiral antennas driven by fluorophores [207] . In these experiments, emitting layers of randomly oriented fluorophores that intrinsically provide unpolarized and achiral far-field emission inherit strong circular polarization in their radiation pattern at oblique angles (maximum degree of circular polarization about 0.7), as well as overall enhancement asymmetry of around 20% between left-and right-handed polarization (integrated over full angular detection range), which directly derive from the single building block resonances. Also, the notion of phase-gradient (Yagi-Uda antennatype) unit cells from metasurfaces has been incorporated into emissive plasmon antenna lattices to break left-right symmetry ( Figure 15C ) [62, 63] . Up-down symmetry breaking by antennas is associated with the Kerker condition [39] , whereby electric and magnetic dipoles are simultaneously excited. Rodriguez et al. [192] identified that this effect occurs in aluminum nanopyramid plasmonic resonators ( Figure 15D ). For fluorescent layers on top of diffractive arrays of nanopyramids, the diffractively outcoupled emission indeed inherits a significant up-down asymmetry of about 1:1.5 at the spectral peaks of plasmonic resonances. Here, the vertical position of the emitters relative to the nanopyramids is integral to realizing the asymmetry.
Reconfigurable plasmonic light-emitting metasurfaces
Dynamic control of emission might be of vital interest in applications such as optical switching and display technologies. Plasmonic resonators have been promoted as excellent candidates for applications requiring ultrafast response, owing to the very short ring-down time (10-100 fs) of plasmon oscillations [208] . However, sub-picosecond deterministic modulation of plasmonic metasurface emission has been rarely reported, likely because it is very difficult to optically switch the response of metals. Mostly, researchers have hence focused on modulation of the emitters, or of the dielectric surrounding the emitters at the microseconds to milliseconds time scale, which is too slow for data processing but may suffice in lighting and display applications. Indeed, one strategy relies on tuning the emission spectrum, which can be done by electrostatically shifting the energy levels of light emitters by an external bias voltage [182] . Another approach to tune plasmonic resonances is by changing the refractive index via molecular reorientation or phase transition in liquid crystals [167, 209] , or by exchanging the active medium in a microfluidic device [210] . One notable exception to the rule that modulation is through reconfiguration of matter around the plasmon resonators is the work of Pirruccio et al. [211] , who demonstrated coherent control of absorption accomplished by the interference of two phase-controlled counter-propagating pump beams exciting dye molecules coupled to a plasmonic array [211] . This has the potential to modulate emission as fast as the emitter decay time allows. Going beyond the modulation of emission intensity and directivity, one can envision that ultimately one could also dynamically modify emission decay rates. This has recently been demonstrated using very rapid insulator-to-metal phase transition in VO 2 [212] and field-effect-induced permittivity changes in TiN [213] . Upgrading from planar interfaces to structured metasurfaces is presumably the upcoming step in this research.
Effective medium regime: hyperbolic metafilms
Another strategy for achieving large Purcell enhancement and emission directivity is to exploit nanostructures in deeply sub-diffractive regimes, which do not utilize plasmonic resonances but instead combine metals and dielectrics to form an effective composite medium. Although this type of media is commonly assigned to the family of metamaterials and falls outside the most popular classification of metasurfaces, we provide a brief overview of one interesting kind of such media: hyperbolic metafilms. These artificial optical materials are extremely anisotropic, behaving either like metals or like dielectrics depending on the direction of light propagation inside the medium. The underlying hyperbolic dispersion relation gives rise to peculiar light-matter interaction effects. First, in the effective medium limit, the dispersion cones host electromagnetic states with unbounded momentum, and have been proposed to offer high (even infinite) LDOS for Purcell enhancement over a broad spectral range. In actual structures, the LDOS enhancement and the utility thereof for bright emission are limited by a breakdown of the effectivemedium picture at finite momentum and by quenching. A second remarkable prediction is that the group velocity vectors are locked to the surface normal of the dispersion cones, imposing inherently directional propagation in such media [214, 215] . Indeed, notable Purcell factors have been reported for light-emitting media such as dye-doped polymers [216] and nitrogen-vacancy centers in nanodiamonds deposited on top of hyperbolic media [217] as well as in their volume [218, 219] . For emitters in bulk hyperbolic media, it is not evident that outcoupling of light into free space can be efficient, which is due to the large momentum mismatch between the modes contributing to LDOS and free space. Just like in conventional light-emitting devices, this problem has been solved by diffractive outcoupling through patterning of the hyperbolic medium [220, 221] . Recently, improved light extraction has also been reported without relying on diffractive effects but purely by engineering the effective medium dispersion [222] .
All-dielectric light-emitting metasurfaces
All-dielectric metasurfaces have been receiving an increasing amount of research attention recently, mainly due to their low absorption losses, which favor high-efficiency devices, as well as to the multipolar Mie-resonant [223] response of the high-index dielectric scatterers that can be used as their building blocks [224, 225] . Dielectric metasurfaces composed of such Mie-resonant building blocks are of particular interest in the context of light emission owing to the enhancement of the optical near-fields associated with the resonant response. As such, in analogy to plasmonic metasurfaces, the building blocks can act as dielectric nanoantennas able to enhance and tailor emission properties [226] . For example, by tailoring interferences of the light scattered by different resonant multipoles, interesting directional scattering effects can be obtained even from individual scatterers having very simple shapes. The low material losses translate to a high radiation efficiency and less heat generated by absorption [141] as compared to plasmonic nanoantennas. Nevertheless, the principal mechanisms governing the emission from dielectric metasurfaces are in principle identical to those outlined for plasmonic lightemitting metasurfaces in the previous sections. Therefore, in this section, we will not repeat an explanation of these mechanisms but will rather concentrate on providing an overview of the recently published work in this young field of light-emitting dielectric metasurfaces.
Coupling of emitters to single dielectric Mie resonators
Before considering the emission from dielectric metasurfaces, we briefly review the recent progress in coupling emitters to individual dielectric nanoantennas supporting Mie-like resonances. The Purcell factor of spherical Mie resonators was theoretically calculated for both electric and magnetic dipole emitters by Zambrana-Puyalto and Bonod [227] . It depends on the orientation and location of the dipoles, as well as on the multipolar order of the Mie mode. Typically, the dipole modes of an individual dielectric nanoresonator provide only moderate enhancement. Experimental mappings of the LDOS of a dipolar resonant silicon nanocylinder were performed by Bouchet et al. [228] by attaching a 100-nm-diameter fluorescent sphere to a scanning probe and scanning it over the sample. Increased or decreased total spontaneous decay rates by up to 15% and a gain in the collection efficiency of emitted photons by up to 85% were observed, in good agreement with theoretical expectations. Fluorescence manipulation was furthermore investigated for single Mie-resonant cylinders composed of germanium, directly using the Ge indirect-bandgap PL as emitter [229] , and in silicon cylinders containing Ge QDs [157] . Another interesting material class that can be directly used to create Mie-resonant all-dielectric nanoantennas comprises halide perovskites [230] . Halide perovskites have a high refractive index and support excitons at room temperature with high binding energies and QY of luminescence. Making use of these properties, Tingutseva et al. realized light-emitting halide perovskite nanoantennas with enhanced PL based on the coupling of excitons to dipolar and multipolar Mie resonances [230] . Directional light emission from monolayer MoS 2 coupled to a Mie-resonant silicon nanocylinder was studied by Cihan et al. [231] . Magnetic dipole enhancement by dipolar Mie resonators was also studied, as will be discussed in more detail in Section 5.3.5. The quadrupolar and higher order Mie modes, in contrast, were identified as a viable platform for enhancing both electric and magnetic dipole transitions [227, 232, 233] . About two orders of magnitude radiative decay rate enhancement was predicted by numerical simulations. For individual nanoantennas, we are not aware of any experiments that have shown this effect. A popular nanoantenna geometry for enhancing emission of electric and magnetic dipole emitters are dielectric dimer antennas. In the small feedgap between two Mie-resonant nanoantenna elements, hot spots of both the electric and the magnetic field can be obtained [234] . Emission enhancement from dielectric dimers has been observed in several experimental works. Fluorescence enhancement by up to a factor of 270 of single molecules of the dye crystal violet diffusing in solution was also obtained using a silicon dimer nanoantenna optimized to confine the near-field intensity in its 20-nm gap [147] (Figure 17A-D) . Enhancement of emission from the fluorescent dyes Nile Red and Star 635P in a PMMA matrix has been achieved using silicon dimers [141] and GaP dimers [235] , respectively. An estimated enhancement factor of approximately 1900 was achieved for the silicon dimers, and a 3600-fold enhancement in combination with a fluorescence lifetime reduction of approximately 22 times was found for emitters confined in the gap region of the GaP dimers ( Figure 17E-G) . More complex nanoantenna structures such as silicon trimers containing germanium QDs were also considered [157] ( Figure 17H ).
Emission enhancement by dielectric metasurfaces
First indications of emission enhancement by metasurfaces composed of Mie-resonant dielectric building blocks were seen in a system consisting of silicon nanocylinder arrays exhibiting electric and magnetic dipole resonances covered by a thin layer of polystryrene containing PbS QDs [140] . Although the enhancement could not be quantified in this work, the QD PL signal was clearly higher in the metasurface areas than in the unstructured reference areas. Enhancement of both linear and nonlinear PL by about a factor of eight under one-photon photoexcitation (up to 70 under three-photon photoexcitation) was also observed in metasurfaces based on nanoimprinted perovskite films supporting Mie-like resonances [236] . The moderate enhancement values under one-photon photoexcitation are consistent with the low Purcell factor of the dipolar Mie modes of the metasurface building blocks. Metasurfaces engineered to support more complex modes such as Fano resonances, embedded eigenstates, or surface lattice resonances offer important opportunities for much stronger enhancement. Liu et al. observed PL enhancement of up to nearly 110-fold from metasurfaces consisting of asymmetrically shaped GaAs nanoresonators incorporating InAs QDs [159] , not taking into account the reduction of the active material due to nanostructuring ( Figure 18B ). Yuan et al. even found PL enhancements of more than 1000-fold from inverse metasurfaces consisting of arrays of asymmetric holes in a silicon thin film containing Ge QDs [158] . In both cases, controlled far-field coupling to a usually dark mode, which for a symmetric structure would be confined in the metasurface plane, Reprinted with permission from [157] . Copyright (2017) American Chemical Society.
was established by the defined symmetry break in the metasurface unit cell. Note that, as already discussed in detail in Section 2.3, the absolute enhancement factors also depend on the QE of the emitters, where the lower QE emitters (the germanium QDs) experience higher enhancements under otherwise similar conditions than the higher QE emitters (InAs QDs).
Spectral and spatial tailoring of emission by dielectric metasurfaces
Apart from enhancing the emission, preferential emission of light in specific metasurface modes associated with the Purcell effect also allows tailoring the spectrum and spatial characteristics, including polarization and directional behavior, of the emitted light. A strong dependence of the emission spectrum on the metasurface geometrical parameters, which in turn determine the spectral position of the Mie resonances, was already observed in the very simple system of PbS QDs coupled to a silicon nanocylinder metasurface [140] . However, the spectra were significantly broadened and thus no clear assignment of the resonances responsible for the spectral reshaping was provided. A stronger spectral reshaping effect was observed by Vaskin et al. [149] . The maxima of the emission from a fluorescent glass substrate used as the substrate of a silicon nanocylinder metasurface were demonstrated to coincide with the spectral positions of the magnetic dipole resonances in the 800-900 nm wavelength range for a systematic variation of the nanocylinder radius. Even more pronounced spectral reshaping effects were associated with the Fano resonant metasurfaces discussed in the previous section [158, 159] (Figure 18B, C) . In accordance with the high quality factor of the resonances, the strong emission enhancement happens within a narrow spectral range only, thereby drastically changing the emission from a rather broad to a very narrow spectrum. Spatial reshaping of emission has been experimentally studied for only few dielectric metasurfaces so far. The method of choice to record the emission patterns within a certain solid angle defined by the NA of the microscope objective used for collecting the emitted light is back focal plane imaging (Section 4.5). Using this technique, directional emission of light out of the metasurface plane was observed for the emission of the previously described system consisting of a fluorescent substrate coupled to a silicon nanocylinder metasurface. This effect originated from an interplay of emission enhancement by the dipolar Mie resonances of the nanocylinders with the diffractive modes of the periodic arrangement. An emission normally out of the substrate plane is often favored, as it can enhance the collection efficiency for low-NA collection optics. The directional emission properties of the emission enhanced by high-quality-factor Fano resonances supported by the asymmetric GaAs metasurface containing InAs QDs were investigated by Liu et al. [159] as a function of the emission wavelength ( Figure 18D ). It was shown that, owing to the dispersive properties of the Fano mode, directional emission out of the substrate plane could be achieved for a particular emission wavelength defined by the metasurface design. For larger wavelengths, the emission pattern viewed in the back focal plane changed into a rhombohedral ring (corresponding to an asymmetric cone in real space) characterized by an increase of the radius with increasing emission wavelength. Directional shaping of the emission from monolayer crystals of the transitionmetal dichalcogenide MoS 2 using a metasurface composed of square arrays of silicon nanocylinders was also recently demonstrated ( Figure 18E-H) . By tuning the resonance wavelength of the metasurface with respect to the MoS 2 emission wavelength via a systematic change of the nanocylinder diameter, the emission could be spatially redistributed from preferential emission under large angles for the off-resonant case to preferential out-of-plane emission for the resonant case. Finally, directional emission from metasurfaces supporting an embedded eigenstate was studied in Ha et al. [161] , as discussed in more detail below in the context of lasing effects in metasurfaces.
Dynamic control of emission
Similar to plasmonic metasurfaces, resonant dielectric metasurfaces also offer interesting opportunities for dynamic tuning of their emission properties. Active tuning of dielectric metasurface resonances is an active field of research, and several different tuning mechanisms have been explored already. Typically, either the geometry of the metasurface is dynamically adjusted, e.g. by stretching of a flexible metasurface substrate or matrix [237] , or the optical properties of the nanoresonators or their surroundings are tuned by some control parameter. In the latter case, functional materials with optical properties that are sensitive to external stimuli such as temperature, applied voltage, or optical fields have to be integrated into the metasurface architecture. Typical examples for such materials, which have already been integrated with dielectric metasurfaces and have been demonstrated to allow for spectral tuning of metasurface resonances, are liquid crystals [238, 239] , phase-change materials [240] , and direct-bandgap semiconductors [241] . In the latter case, the refractive index of the nanoresonator material can be changed by (alloptical) generation of charge carriers. Note that while the possibilities for geometry changes of the lattice and changes in the environment are largely analogous to the methods used for tuning of plasmonic metasurfaces (compare Section 5.2.3), the possibility of dynamically and reversibly changing the resonator optical properties themselves is usually not offered by plasmonic systems. The general rationale for tuning of emission, however, is fully analogous to that of plamonic metasurfaces: Since spontaneous emission from nanoscale sources situated inside or near the resonant meta-atoms is enhanced at the spectral position of the metasurface Mie-type resonances due to the Purcell effect, dynamic tuning of the resonance position should naturally allow for dynamic control of their emission spectra. For dielectric metasurfaces, this was recently observed by Bohn et al. [242] , where a silicon nanocylinder metasurface situated on a fluorescent substrate was integrated into a nematic liquid crystal cell. Upon heating the system over a critical temperature T c , the liquid crystal changes its state from nematic to isotropic ( Figure 19A ), which is associated with a pronounced change of its optical properties. In the considered system, this then resulted in a spectral shift of the electric and magnetic dipole resonances of the metasurface ( Figure 19B ) and, consequently, in a clear change of the substrate's emission spectrum up to roughly a factor of two around 900 nm wavelength ( Figure 19C ).
Magnetic emission enhancement
The interaction of materials with the magnetic component of light is several orders of magnitude weaker than that with the electric component of light. Therefore, when considering light emission, magnetic dipole transitions can usually be safely disregarded. However, in material systems such as trivalent lanthanide ions, where certain electronic transitions are electric-dipole-forbidden by specific selection rules, the magnetic dipole can become dominant [128] . In analogy to the more common Purcell enhancement of electric dipole emitters, a suitably designed photonic environment can also enhance the radiative rate of magnetic dipole transitions [243] .
Following initial theoretical studies [227, 232, 233] , the magnetic photonic density of states of a Mie-resonant silicon nanocylinder supporting a magnetic dipole mode was recently experimentally recorded [244] . This was accomplished by fabricating the antenna at the tip of a scanning probe and moving it over a sample containing trivalent europium ions. In accordance with theoretical expectations, a moderate magnetic emission enhancement of about 3, as estimated by the authors, was observed. In another work [245] , a homogeneous 10-nmthick film of Eu 3+ -doped nanoclusters was deposited on single silicon nanorods and dimers. The samples were raster-scanned under a tightly focused laser beam, and the PL maps were recorded. This way, the spatial variations of the electric dipole (ED) and magnetic dipole (MD) emissions around the silicon nanostructures were probed. The experimental far-field PL maps were compared with computed maps of the electric and magnetic radiative LDOS, showing good agreement. Finally, magnetic emission enhancement by dielectric metasurfaces was recently demonstrated for a system composed of silicon nanocylinders exhibiting Mie-type resonances with strong quadrupole contributions covered by a thin layer of a Eu 3+ -containing polymer [111] (Figure 19D-I) . The magnetic emission enhancement was found to depend systematically on the nanocylinder radius, which in turn determines the spectral position of the metasurface resonances. An absolute brightness enhancement of the magnetic transition of up to 6.5-fold was observed for the optimal choice of geometry.
Metasurface-based lasers

Plasmonic metasurface lasers
Employing plasmonic modes in lasing devices is based on two paradigms: distributed feedback (DFB) and surface plasmon lasing (SPASER). Since the concept of SPASER [208] relies on localized resonances of individual nanostructures, and by itself constitutes a very rich research field, we refer to the recent review on this topic [162] , and instead, we focus here on the metasurface lasers based on DFB.
In the DFB mechanism, multiple scattering of light in a periodic lattice supports standing waves whenever Bragg conditions are met. Lasing can occur in geometries such as periodically corrugated waveguides with gain when the gain overcomes the loss due to scattering and absorption. This concept has been combined with the diffractive outcoupling mechanism in the early work of Stehr et al. [246] , who used the second-order Bragg scattering in a gold nanodisk array to accomplish feedback in an active polymer layer, and the first-order to scatter the laser light into normal direction. In subsequent research works, DFB plasmon lattice lasers have been shown to benefit from plasmonic band structure engineering, exploiting surface lattice resonances as well as diffractive waveguide plasmon polaritons. An exemplary nanolaser array [247] is shown in Figure 20A -C. Lasing in DFB plasmon lattice lasers preferably occurs at the band edges [122] located at high-symmetry points, where the optical modes form standing waves of vanishing group velocity. The lowest threshold, of order mJ/cm 2 comparable to other polymer DFB lasers, occurs for the standing wave modes that have their nodes at the nanoparticles [248, 249] . The most noteable advantage of this kind of metasurface lasers over standard DFB lasers is that they are extremely robust against structural defects. It has been shown [250] that even the random removal of 80% of the particles has no effect on the lasing threshold, while after removal of as much as 99%, the lasing still occurs at the original Bragg peak of the periodic lattice. This gives the freedom to design the output laser beam -in vein of the nearly free photon approximation. Random, quasiperiodic, and aperiodic lattices [251] have been shown to inherit the array structure factor as the far-field radiation pattern. The group of Odom has furthermore investigated plasmon array surface lattice resonance lasers built from intrinsically low-efficiency emitters, and studied the effect of locally large Purcell enhancement effects [252] . Active changing of the Bragg condition, e.g. by refractive index modulation in a fluidic cell, allows tuning the laser wavelength [210] . Efficient lasing has also been demonstrated beyond Rayleigh anomalies, at the band edges of lattice resonances in arrays of strongly coupled nanoparticles [253] .
Dielectric metasurface lasers
In contrast to plasmonic metasurfaces where lasing studies require a gain medium that is separate from the resonators, for dielectric metasurfaces the nanoresonators can be directly fabricated from the gain material. Lasing in a metasurface composed of rectangular arrays of GaAs nanopillars was recently demonstrated by Ha et al. [161] (Figure 20D-F) . In this study, one period of the array was subdiffractive while the other was chosen sufficiently large to support diffractive orders, thereby providing a mechanism for directional outcoupling as in regular DFB lasers. In order to achieve a low lasing threshold, the nanostructure was engineered to support a collective vertical electric dipole resonance, which has a high experimentally measured quality factor of up to about 1500 because of the weak coupling of the vertical dipoles to the far-field. Lasing was observed in these structures at liquid nitrogen temperature with a threshold of ~14 μJ cm −2 , as confirmed by observing the characteristic kink in the output intensity in log-log scale of the PL as a function of the pumping fluence, and by the second-order photon correlation function of emitted photons. The lasing directivity and wavelength were controlled by the design of the nanopillar array and by modifying the gain spectrum of GaAs with temperature. An interesting viewpoint put forward in this work is that the lasing mode, which in conventional and plasmonic DFB lasers is always a Bloch mode at a high-symmetry point in the k-space that is dark, can be viewed as a bound state in the continuum (BIC) that is made leaky by opening a diffraction channel. This viewpoint connects to the work of Kodigala et al. [254] , who reported lasing in square arrays (period comparable to wavelength) of InGaAs resonators (gain from embedded multiple quantum well structure), right at a geometrical condition for the existence of a BIC.
Chiral emission
The possibility to construct metasurfaces from complex building blocks exhibiting broken inversion symmetry makes them attractive systems for studying chiral lightmatter interaction processes. As such, both plasmonic and dielectric passive chiral metasurfaces have been demonstrated to support strong circular dichroism (CD) and polarization conversion effects [255] [256] [257] [258] [259] . However, measurement of far-field properties such as CD does not probe the chiral properties of the electromagnetic near-fields, which are very different from those of circularly polarized light [260] [261] [262] . They exhibit phase-shifted electric and magnetic field vector components without temporal vector rotation, which can be engineered to occur in the near-fields of designed nanostructures. Formally, the chiral nature of an electromagnetic field can be expressed by the electromagnetic chirality
), where E and B denote the complex electric and magnetic field vectors, respectively. To investigate the chiral properties of near-fields around plasmonic nanostructures and their relation to the electromagnetic chirality C, Meinzer et al. measured the far-field polarization state of the enhanced luminescence from achiral emitters situated in the nearfield of an array of 2D chiral nanorod pairs [262] . They found a clear dissymmetry for left-and right-handed emission enhancement depending on the handedness of the nanorod pairs. In a follow-up study, Cotrufo et al. reported that these handed signatures of scatterers imprinted on achiral fluorophores are strongly enhanced at diffractive features, i.e. at surface lattice resonances [207] . Control of the polarization of emission of QDs embedded in an active layer of an all-dielectric planar microcavity exhibiting a chiral gammadion layer structure was studied by Maksimov et al. [263] . A circular polarization degree reaching 81% was achieved. Apart from controlling the circular polarization of emission, asymmetric plasmonic and dielectric metasurfaces were also shown to enable the separation of photons of different helicity in the momentum space. Kruk et al. demonstrated this effect for achiral emitters, namely QDs, using plasmonic split-ring resonators [46] (Section 5.2.2). More recently, the concept has received an increasing amount of attention due to the prospect of applying it for selectively addressing valleypolarized excitons in two-dimensional transition-metal dichalcogenides at the nanoscale. These can be excited, and emit by, absorption and emission, respectively, of circularly polarized light. Separation of valley excitons in a MoS 2 monolayer was recently demonstrated using a subwavelength asymmetric plasmonic groove array [264] . Valley-selective optical control of excitons in 2D WS 2 using chiral all-dielectric metasurface generating chiral nearfield for linear polarized incidence was demonstrated by Guddala et al. [265] . As described in the previous sections, light-emitting metasurfaces offer manifold opportunities for manipulating spontaneous and stimulated emission phenomena. Various directional effects were triggered based on the emission pattern of the individual metasurface elements, the spatial coherence of emission mediated by diffractive coupling in the array, and the interplay of both these factors. However, while directional spontaneous and stimulated emission and a certain complexity of the dependence on the metasurface design and the emission wavelength were observed, to date, a demonstration of complex arbitrary emission patterns is still missing. One could, e.g. imagine metasurfaces that directly emit a focused beam or a holographic image. To reach this goal, spatially inhomogeneous metasurfaces would certainly be required. The performance limits of such an approach still need to be investigated. The degree of spatial coherence that can be achieved, and which is expected to correlate with the range of the in-plane couplings, will likely be a limiting factor. For thermal emission, where, as in the case of spontaneous emission, different points of the thermal source usually emit uncorrelated fields that do not interfere, it was previously pointed out that spatially coherent emission can be established by sources supporting surface waves, such as plasmonic gratings [268] , in combination with diffractive outcoupling. It was shown that the directivity of the source is directly linked to the propagation length of the surface waves. It will be interesting to further investigate this connection for plasmonic and dielectric light-emitting metasurfaces incorporating spontaneously emitting sources.
Performance comparison
Another major challenge will be the development of viable design methodologies for spatially inhomogeneous lightemitting metasurfaces, considering that numerical simulations of emission processes are already computationally demanding for periodic structures. A possible recipe to design inhomogeneous metasurfaces emitting complex tailored emission profiles was suggested by Schokker and Koenderink for plasmonic particle arrays operated above the lasing threshold [251] . Various particle arrangements were investigated, which supported robust lasing action based on diffractive lattice effects, thus establishing spatial coherence. It was experimentally demonstrated that the angular distribution of laser emission inherits its shape from the Fourier transform of the underlying lattice.
As a deterministic aperiodicity is introduced, it manifests itself in a speckle pattern with distinct autocorrelations. This suggests that beam-shaping of the output of periodic plasmon lasers can be achieved by selectively removing particles from the array, thereby imprinting the Fourier transform of the resulting binary amplitude mask on the angular characteristics of the output.
Programming emission
The possibility to dynamically tune the emission from both plasmonic and dielectric metasurfaces as reviewed in Sections 5.2.3 and 5.3.4 represents a first step in the direction of freely programming their emission. For this purpose, approaches that rely on more controlled stimuli, such as application of a voltage, are advantageous. Voltage control of resonances is, e.g. possible by integration of the light-emitting metasurface into a liquid crystal cell [239] , and electrostatic shifting of the emitter's energy levels by an applied bias voltage can also be achieved [182] . In combination with pixellated or otherwise suitably patterned electrodes, such an approach would enable local addressing of the emission. The ability to locally switch the emission on and off, change the colour, the directional behavior, or other emission properties is essential for the deployment of light-emitting metasurfaces in display and projector appplications, or as smart substrates (Section 6.2).
Hybrid metal-dielectric light-emitting metasurfaces
While in this article we have reviewed the state of the art of light-emitting metasurfaces separately for plasmonic and dielectric implementations regarding most aspects, interesting opportunities for enhancing and tailoring emission phenomena arise from combining plasmonic and dielectric building blocks to form hybrid metal-dielectric architectures. For individual nanoantennas, it was already demonstrated that combining a metallic feed element with one or several dielectric director elements allows the creation of nanoantennas combining strong emission enhancement with highly directional behavior, and a fairly high radiation efficiency [269] [270] [271] . For plasmonic nanoantennas coupled to microscale photonic resonators, it was furthermore demonstrated that, for a critical coupling condition, the Purcell enhancement can be higher for the coupled system than for each of its individual components [272] . Hybrid metal-dielectric metasurfaces have also been studied, e.g. for their interesting mode structure and asymmetric reflection properties [273, 274] . At the time of writing, we are, however, not aware of any experiment studying emission from hybrid metal-dielectric metasurfaces. Similar to the individual hybrid nanoantennas, such hybrid metasurfaces could offer favorable performance regarding enhancement, directional properties, and radiation efficiency. They would also offer more degrees of freedom to individually tailor the excitation and emission properties of the metasurfaces.
Electrical driving schemes
Most of the light-emitting metasurfaces demonstrated so far relied on optical pumping of the integrated fluorophores, with few exceptions that demonstrated electrically pumped devices [275] . For several of the envisioned applications, however, the development of electrical pumping schemes is desirable. From this viewpoint, active semiconductor-based metasurface architectures hold the highest potential, as technical solutions could be adapted from existing solutions employed in optoelectronics and semiconductor lasers. Other promising possibilities include the use of electroluminescent materials or hybridization of metasurfaces with van der Waals heterostructures [276] incorporating both 2D direct-bandgap semiconductors and graphene for contacting.
Strong coupling and excitonic metasurfaces
In the strong coupling regime, quantum emitters do not decay irreversibly by spontaneous emission but can transfer their population to a photonic mode and receive it back multiple times before the energy of excitation is lost upon spontaneous decay or mode damping. This leads to anti-crossing of the electronic and optical resonances, which signifies hybrid quasiparticles known as exciton polaritons. In order to achieve strong coupling, the coupling rate must be large compared to the rate of all decay channels (spontaneous decay and photonic losses), which can be accomplished by coinciding material and optical resonances of very narrow line widths [78] , while also targeting large oscillator strength of the dipole transition. An emerging field in plasmonics is collective strong coupling, where the concentration of emitters is taken as high as possible to boost the (collective) oscillator strength. Indeed, the signatures of strong coupling have been reported in systems that coupled organic dye excitons with SPP Bloch modes in nanohole arrays [277] [278] [279] and collective resonances of plasmonic nanoparticle arrays [79, 280, 281] . This is an exciting research direction for metal and dielectric metasurfaces, as the hybrid metasurface-exciton states can support effects such as condensation [282, 283] , concomitantly coherent emission [123, 284] , optical nonlinearity [285, 286] , and magneto-optical response [287] allowing, e.g. the achievement of photonic (polaritonic) topological insulator phase [288, 289] . It has been suggested that the usual concentration quenching at high emitter concentration, which limits bright light emission, is overcome in the limit of strongly coupled systems [290] and plasmon exciton polariton lasing [123] . Also, the strong coupling regime is relevant for domains outside light emission, such as "polaritonic" chemistry [291, 292] , where strong coupling shifts the energetics of levels and thereby affects chemical reactions. Dielectric metasurfaces could add new means to control light-matter interaction through their multipolar building block resonances [293, 294] . One could envision that these tie into chiral and photon-spin degrees of freedom [295] .
Recently, excitonic materials alone (in the absence of conventional metal or dielectric scatterers) are of growing interest in the metasurface context. It has been shown that nanostructured excitonic media exhibit metallic properties, which may lead to plasmon-like optical field confinement in the forms akin to propagating SPP modes [296] as well as localized resonances [297, 298] . Collective lattice resonances originating from such localized modes are predicted [299] in analogy to plasmonic lattice resonances. Therefore, excitonic nanostructures can be considered as an attractive route toward novel kinds of active metasurfaces, which are at the very beginning of their experimental exploration [300] .
PT symmetry
If one rigorously considers optical modes of any metasurface, it becomes clear that the radiative damping and intrinsic material losses render their eigenvalue problem non-Hermitian. This means that optical modes of metasurfaces may diverge from their one-to-one analogy with electronic bands of crystalline solids. In particular, the band structure of some metasurfaces may contain unconventional singularities known as exceptional points [301] , where two distinct eigenmodes have identical eigenvalues and eigenvectors, breaking down the completeness of the eigenstate basis. These "Hamiltonian defects" have been observed experimentally near accidental Г-point degeneracy (Dirac point) of dipolar and quadrupolar modes, resulting from the difference in their radiative damping [302] . The above example is a peculiar photonic system, in which coupling between optical eigenmodes of different damping rates (i.e. different imaginary parts of their eigenfrequencies) gives rise to the properties equivalent to the properties associated with the parity-time (PT) symmetry. In the most common settings, PT symmetry means that the optical properties of a metasurface are invariant under simultaneously mirror-reflecting (space) and reversing gain and loss (time), even though they are not invariant under only one of these operations. PT-symmetric Hamiltonians are known to possess purely real eigenvalues in some region of parameter space, while outside this region at least two eigenstates become complex-valued and mutually self-conjugated, corresponding to a PT-symmetry broken phase.
Two-dimensional plasmonic and dielectric metasurface lattices imbued with active light-emitting material could be an exciting venue to study PT symmetry. In certain PT metasurfaces, the unbroken-PT and broken-PT phases have been predicted to coexist in different regions of the same band structure, separated by PT-phase transition, i.e. a line of exceptional points. Such a scenario has been proposed to occur in periodic arrangements of alternating gain and loss overlaid with a photonic crystal [303] , where it is predicted to enable unprecedented functions such as allangle supercollimation and superprismatic effect without necessarily being limited in efficiency by traditional impedance-mismatch arguments [55] . Beyond the photonic crystal regime, PT-symmetric arrangements of nanoscatterers have also been predicted to provide control over the asymmetry of far-field emission [304] . Studying this type of effects would require optical scattering experiments at some probe frequency, while simultaneously applying optical gain, for instance, using a spatially structured pump beam exciting a spatially structured gain medium. Recent theoretical work further suggests that exceptional points are associated with LDOS enhancements, fundamentally surpassing those available with usual resonances [305] . These predictions show that active metasurfaces around conditions of PT symmetry are an unexplored new venue for spontaneous emission enhancement, new types of lasers, as well as for realizing optical surfaces with unidirectional and nonreciprocal responses.
Beyond light emission by fluorescence and stimulated emission
While this review focuses on light-emitting metasurfaces based on fluorescence and stimulated emission, other light-emission processes including thermal emission, electron-induced emission, and nonlinear generation can also be enhanced and tailored by metasurfaces. We provide a brief overview of metasurfaces utilizing these alternative light-emission processes in the following without going into details: -Thermal: Thermal light-emitting sources such as the incandescent filament of a light bulb or infrared sources based on glow bars or hot membranes are usually broadband, omnidirectional, and have low efficiency. Also, they often serve as the typical example of an incoherent source. However, suitable structuring allows enhancement of the efficiency, narrowing down the emission spectrum, establishment of coherence, and controlling the directivity of thermal sources [268, 306] . Utilizing this approach, simultaneous control of the spectrum and the directivity of blackbody radiation was demonstrated using a plasmonic metasurface [35] . Thermal emission of metasurfaces was also used for spatially resolved terahertz (THz) detection [307] .
Beyond applications as sources and detectors, thermal emission by metasurfaces can also be used for radiative cooling. By designing the metasurfaces to have strong reflectivity in the solar radiation spectrum and enhanced emissivity in the thermal radiation spectrum, passive cooling of objects below the ambient air temperature under direct sunlight could be experimentally demonstrated [308] . A compact review of radiative-cooling metasurfaces can be found in [309] . -Electron-driven: Fast electrons can drive light emission from nanophotonic structures. Particularly in plasmonics, the two complementary techniques cathodoluminescence (CL) and electron energy loss spectroscopy (EELS) have seen wide use [310, 311] . In the first case, spectroscopy is performed on light, such as transition radiation, that is generated when fast electrons (5-20 keV typically) approach a surface or nano-object. It is generally agreed that this method maps the radiative part of the LDOS, where the spatial resolution comes from the electron beam focus (typically in a commercial scanning electron mciroscope). Instead, EELS examines electron energy loss incurred by electrons (100-200 keV range) in a transmission electron geometry. This is understood to map the LDOS (projected in terms of polarization on the electron beam axis, as in CL). Both capabilities directly extend to mapping the L(R) DOS in metasurfaces. In particular, CL allows also mapping the angular distribution of emission as in Fourier microscopy, and with full polarimetric resolution [312, 313] . This is one of the few techniques for mapping radiation patterns and spin-orbit/chiral effects therein with high resolution over where the emitting object sits in the structure. Going beyond characterization techniques based on electrons, metasurfaces may also provide entirely new venues for light generation by electrons. Particularly, several authors have examined the possibility of table-top free-electron-based sources of photons by relativistic (high-energy photons) as well as slower (coherent Smith-Purcell radiation) electrons [34, [314] [315] [316] [317] [318] .
Here, the key is not just near-field enhancement but also dispersion engineering for velocity matching of electrons to photons, as well as holographic principles for source design. -Nonlinear: Other sources of light emission in metasurfaces are nonlinear frequency generation processes, including harmonic generation, downconversion, and frequency mixing. Following the pioneering work by Klein et al. [319] , who observed second harmonic generation from plasmonic metasurfaces composed of split-ring resonators excited at 1.5 μm wavelength, many experiments involving nonlinear frequency generation processes in plasmonic metasurfaces have been reported. More recently, nonlinear frequency generation in all-dielectric metasurfaces composed of Mie-resonant semiconductor nanoparticles has also become an active field of research. Typically, the nonlinear conversion efficiencies in the all-dielectric systems are enhanced by several orders of magnitude as compared to their plasmonic counterparts. This can be explained by the lower absorption losses in combination with the concentration of the optical nearfields inside the nanoresonators, giving access to the high bulk nonlinear susceptibilities of the semiconductor materials. Since nonlinear metasurfaces were recently reviewed elsewhere [32, 33] , here we will not go into further details. However, we wish to point out one fundamental difference of such nonlinear metasurfaces as compared to light-emitting metasurfaces based on fluorescence or thermal emission. In the latter case, the emission from different emitters within the metasurface is incoherent. Nonlinear frequency generation, however, is a coherent process, such that the coherence of the impinging light at the fundamental frequency is inherited by the generated nonlinear waves. As a consequence, nonlinear light-emitting metasurfaces allow for easier wavefront shaping [320, 321] than their fluorescence-based cousins. Finally, nonlinear absorption processes resulting in multiphoton-induced PL should be mentioned, for which resonant nanoparticles [322] and metasurfaces [323] can greatly enhance the excitation rate if the pump laser frequency coincides with the nanostructure resonances. -Raman scattering: The electromagnetic field enhancement provided by metasurfaces can furthermore be exploited in surface-enhanced Raman spectroscopy (SERS), where light at new frequencies is emitted via inelastic scattering of photons by molecules. The difference in energy between the incident and the scattered photons provides a fingerprint of the vibrational modes of the scattering molecule, making Raman spectroscopy a powerful tool for label-free spectroscopic imaging in life sciences. Raman scattering is a weak process, which scales with the near-field intensity of the pump laser. Therefore, locally enhancing the pump intensity by suitable nanostructures is a common strategy. Metasurfaces are especially attractive in this context, since they allow for precise tailoring of the near-field properties. Examples of metasurfaces employed as "smart substrates" for Raman spectroscopy include a plasmonic metasurface tailored to enhance the SERS signal for excitation wavelengths in an ultrabroad spectral region [324] and a visible wavelength plasmonic metasurface that achieves near-total power absorption, exhibiting single-molecule sensitivity [325] . More recently, an all-dielectric silicon nitride metasurface supporting bound states in the continuum was also demonstrated [326] . The enhancement factor of the Raman signal was estimated to be on the order of 10 3 , while the low losses of the dielectric material at the pump wavelength of 532 nm helped in keeping the local heating at bay, thus reducing photodegradation of the probed molecules. Similar to enhancing Raman spectrocopy with metasurfaces, other surface-sensitive spectroscopy techniques like surface-enhanced infrared absorption spectroscopy can also be boosted by metasurfaces [327] .
Fundamental performance bounds
A research direction of large interest for the metasurface community in general, and that of active metasurfaces specifically, should be the study of fundamental bounds on the performance of desired functions. For instance, for phase-gradient metasurfaces, Estakhri and Alù predicted that passivity fundamentally limits the efficiency with which a metasurface can perform a given wavefront transformation [55] . Unit efficiency, in general, would require access to structured loss and gain (breaking passivity). In a similar vein, linearity, passivity, and reciprocity limit the multipolar polarizability tensors of metasurface building blocks (Onsager constraints), thereby, for instance, constraining the degree to which magneto-electric responses can be engineered [38, 43] . This notion also directly ties into chirality and spin-orbit coupling and the notion that the generation and dissipation of chirality in terms of density (local chiral field enhancement) and flux (helicity conversion in scattering) satisfy conservation laws similar to the optical theorem for extinction, absorption, and scattering [260] . Finally, there are fundamental limits on performance and performance-bandwidth products from causality (frequency sum rules on response functions) and thermodynamics [328] . For instance, directivity in emission is related through Kirchhoff's law to directivity in absorption [329] , and the second law of thermodynamics places constraints on the degree to which LDOS in a structure, and directive outcoupling to the far-field, are independent parameters [330, 331] .
Prospective applications 6.2.1 Solid-state lighting
Current solid-state lighting devices based on blue LEDs operate at levels nearing watts per square millimeter (W/mm 2 ) of optical output. This corresponds to operation at very high currents of order 100 A/cm 2 , and, concomitantly, the efficiency becomes limited by many-body quenching effects (e.g. Auger recombination, generally believed to cause droop) in the active region [332] . Also, conversion of blue to white light by remote phosphors -for consumers visible as the yellow diffusing material covering the LED module itself -is associated with huge challenges: complete absorption of very large input optical powers typically requires thick phosphors and is associated intrinsically with the 1 eV/photon energy difference between absorbed (blue) and emitted (green to red) photons, with large dissipation in the material. The harsh thermal and photostability requirements dictate the use of rare earth-doped ceramics as phosphor, which have a poor absorption coefficient [58] . Future applications in high-power lighting target even higher output powers than the currently typical 100-200 lm/W. Clearly, the basic understanding of how to use metasurfaces for directivity engineering and Purcell enhancement control is already all in place. In order to harness these effects for actual next-generation lighting, the challenge ahead is to combine these notions with exceptional emitting materials that have the sheer density of oscillator strength to viably replace phosphors by thin films. This large emitter density likely also mandates operation in regimes of cooperative emission or strong coupling, rather than engineering the usual fluorescence control of incoherent emitter ensembles. Also at the level of blue LEDs pumping phosphors, there could be gains from metamaterials for directivity and efficiency, but only if the full performance tradeoff budget in actual device geometries and operating conditions is accounted for. Arguably, passive metasurfaces can also have a role in lighting as replacements of bulky secondary optics (lenses, mirrors, collimators). This would pose new challenges compared to the usual application of metasurfaces to shape well-defined incoming phasefronts: in LEDs, the input is neither spatially nor temporally coherent and is unpolarized.
Finally, market analysis shows that organic LEDs (OLEDs) are rather display and specialty lighting technology, and seemingly they are not an alternative to inorganic LEDs in the solid-state lighting applications. Nevertheless, improvement of the emission performance of OLEDs by metasurfaces is still a target of extensive research [333] [334] [335] [336] , which could one day make OLEDs a successful technology in the solid-state lighting industry.
Beaming, projection, and displays
Light-emitting metasurfaces equipped with the capability to locally and dynamically control their emission offer new opportunities for bright, smart, and efficient displays. Possible smart features that could be implemented include control of the emission direction, e.g. for adjustable privacy settings, and projection of different images for different viewing angles for 3D displays or shared use of single displays, e.g. in cars. Lasing metasurfaces with dynamically controlled emission wavelength and emission angle would furthermore enable compact all-solidstate projectors for integration in hand-held devices like smartphones. Depending on the progress in achieving true wavefront shaping of emission, light-emitting metasurfaces could also offer new opportunities for holographic displays.
Optical communications
Along similar lines as for smart displays and projectors, active metasurfaces could also find applications as light sources for spatial multiplexing using vortex beams of different topologigal charges as independent communication channels [337] . To this end, two requirements would have to be fulfilled: the coherence of light emitted from different parts of the metasurfaces would have to be established by exploiting long-range in-plane coupling effects, and methods for fast switching of the metasurface response have to be implemented. Further research is necessary in order to find out to what extend these requirements can be met.
Smart substrates
Another interesting possibility is the use of light-emitting metasurfaces as smart substrates for enhanced imaging of microscopic objects such as cells. The idea is to combine the metasurfaces' light-emitting properties with their capabilities for sensing [338, 339] . By functionalizing the metasurfaces to make their optical response sensitive to the presence of certain substances, such as particular hormones or antibodies, they have the potential to image the presence or concentration of these substances as a function of in-plane position. In a different scheme, light-emitting substrates, which are programmable with high spatial resolution, could be used as smart substrates, enabling local manipulation of (biological) samples using light for applications in optogenetics [340] .
